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Abstract

TOOLS AND STRATEGIES FOR THE PHOTOCHEMICAL PATTERNING OF
BIOACTIVE MOLECULES AND MACROMOLECULES
by
Daniel J. Valles

Advisor: Prof. Adam B. Braunschweig
Hypersurface Photolithography (HP) is a printing method for fabricating structures
and patterns composed of soft materials bound to solid surfaces and with ~1 micrometer resolution
in the x, y, and z dimensions. This platform leverages benign, low intensity light to perform
photochemical surface reactions with spatial and temporal control of irradiation, and, as a result,
is particularly useful for patterning delicate organic and biological material. In particular, surfaceinitiated controlled radical polymerizations can be leveraged to create arbitrary polymer and blockcopolymer brush patterns. Chapter 1 will review the advances in instrumentation architectures
from our group that have made these hypersurfaces possible, and the investigations and
development of surface-based organic chemistry and grafted-from photopolymerizations that have
arisen through these investigations. Over the course of this discussion, we describe specific
applications that have benefited from HP. By combining organic chemistry with the
instrumentation developed, HP has ushered in a new era of surface chemistry that will lead to new
fundamental science and previously unimaginable technologies.
Chapter 2 addresses the challenges involved in fabricating multiplexed microarrays—
where different biological probes are spatially encoded onto a surface into spots with micrometerscale diameters. Further miniaturization of feature diameters could increase the number of probes
in a microarray, reduce the sample required for analysis, and decrease costs. Scanning probe
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lithography (SPL) has gained popularity for patterning delicate, biologically active materials, but
no versatile SPL-based multiplexing strategy has been devised. Here, we combine microfluidics,
beam pen lithography, and photochemical surface reactions to create multiplexed arrays. For proof
of concept, the thiol-ene reaction was optimized, and the reaction kinetics were analyzed.
Subsequently, we created several patterns containing multiple fluorescent alkenes, where each
pattern was designed to demonstrate a different capability of this instrument. This patterning
strategy is a powerful approach to studying and optimizing organic reactions on surfaces and
creating massively multiplexed arrays and, as such, could provide an entirely new approach for
miniaturizing biochips or understanding interfacial reactivity.
In Chapter 3, we show that the surface-initiated thiol-(meth)acrylate polymerization can be
used to create brush polymer patterns with precise control over the feature height at each
microscale pixel. The reaction was studied using a printer where a digital micromirror device
controls light delivery to the surface, so multiple reaction conditions can be examined in each print.
The resulting increases in experimental throughput and precision were demonstrated by studying
systematically the effect of photocatalyst, photoinitiator, and light intensity on feature growth rate.
In addition to demonstrating the utility of surface-initiated thiol-(meth)acrylate chemistry for
creating complex brush polymer patterns, this work describes an improved and high-throughput
approach for studying grafted-from photopolymerizations.
Polymer brush patterns have a central role in established and emerging research disciplines,
from microarrays and smart surfaces to tissue engineering. The properties of these patterned
surfaces are dependent on monomer composition, polymer height, and brush distribution across
the surface. No current lithographic method, however, is capable of adjusting each of these
variables independently and with micrometer-scale resolution. In Chapter 4, we report a technique
termed Polymer Brush Hypersurface Photolithography, which produces polymeric pixels by
combining a digital micromirror device (DMD), an air-free reaction chamber, and microfluidics
to independently control monomer composition and polymer height of each pixel. The printer
capabilities are demonstrated by preparing patterns from combinatorial polymer and block
copolymer brushes. Images from polymeric pixels are created using the light reflected from a
DMD to photochemically initiate atom-transfer radical polymerization from initiators immobilized
on Si/SiO2 wafers. Patterning is combined with high-throughput analysis of grafted-from
polymerization kinetics, accelerating reaction discovery, and optimization of polymer coatings.
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Spatially encoded glycan microarrays promise to rapidly accelerate our understanding of
glycan binding in myriad biological processes, which could lead to new therapeutics and
previously unknown drug targets. In Chapter 5, we bring together a digital micromirror device,
microfluidic introduction of inks, and advanced surface photochemistry to produce multiplexed
glycan microarrays with reduced feature diameters, an increased number of features per array, and
precise control of glycan density at each feature. The versatility of this platform was validated by
printing two distinct glycan microarrays where, in the first, different glycans were immobilized to
create a multiplexed array and, in another, the density of a single glycan was varied systematically
to explore the effect of surface presentation on lectin−glycan binding. For lectin binding studies
on these miniaturized microarrays, a microfluidic incubation chip was developed that channels
multiple different protein solutions over the array. Using the multiplexed array, binding between
eight lectin solutions and five different glycosides was determined, such that a single array can
interrogate the binding between 40 lectin−glycan combinations. The incubation chip was then used
on the array with varied glycan density to study the effects of glycan density on lectin binding.
These results show that this novel printer could rapidly advance our understanding of critical
unresolved questions in glycobiology, while simultaneously increasing the throughput and
reducing the cost of these experiments.
Interactions between cell surface glycans and glycan binding proteins (GBPs) have a
central role in immune response, pathogen-host recognition, cell-cell communication, and myriad
other biological processes. Because of the weak association between GBPs and glycans in solution,
multivalent and cooperative interactions in the dense glycocalyx have an outsized role in directing
binding affinity and selectivity. However, a major challenge in glycobiology is that few
experimental approaches exist for examining and understanding quantitatively how glycan density
affects avidity with GBPs, and there is a need for new tools that can fabricate glycan arrays with
the ability to vary their density controllably and systematically in each feature. Here we use thiolene reactions to fabricate glycan arrays using a recently developed photochemical printer that
leverages a digital micromirror device and microfluidics to create multiplexed patterns of
immobilized mannosides, where the density of mannosides at each feature was varied by dilution
with the inert spacer allyl alcohol. Association between these immobilized glycans and FITClabelled concanavalin A (ConA) – a tetrameric GBP that binds to mannosides multivalently – was
measured by fluorescence microscopy. We observed that fluorescence decreased nonlinearly with
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increasing spacer concentration in the features, and we present a model that relates average
mannoside-mannoside spacing to the abrupt drop-off in ConA binding. Applying these recent
advances in microscale photolithography to the challenge of mimicking the architecture of the
glycocalyx could lead to a rapid understanding of how information is trafficked on the cell surface.
Finally, Chapter 7 reports a novel glycan array architecture that binds the mannose-specific
glycan binding protein, ConA, with sub-femtomolar avidity. A new radical photopolymerization
developed specifically for this application combines the grafted-from thiol-(meth)acrylate
polymerization with thiol-ene chemistry to graft glycans to the growing polymer brushes. The
propagation of the brushes was studied by carrying out this grafted-to/grafted-from radical
photopolymerization

(GTGFRP)

at

>400

different

conditions

using

hypersurface

photolithography, a printing strategy that substantially accelerates reaction discovery and
optimization on surfaces. The effect of brush height and the grafting density of mannosides on the
binding of ConA to the brushes was studied systematically, and we found that multivalent and
cooperative binding account for the unprecedented sensitivity of the GTGFRP brushes. This study
further demonstrates the ease with which new chemistry can be tailored for an application as a
result of the advantages of hypersurface photolithography.
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Evolution and Applications of Polymer Brush Hypersurface Photolithography
Chapter 1:
Contents from this chapter are adapted from the submitted paper: “Evolution and
Applications of Polymer Brush Hypersurface Photolithography”
Daniel J. Valles, Yerzhan S. Zholdassov, and Adam B. Braunschweig, Submitted, 2021
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Evolution and Applications of Polymer Brush Hypersurface Photolithography
1.1 Introduction
Polymer brushes1-3 – polymer chains that are tethered to a surface – could be used to fabricate
soft-matter structures possessing nanoscale dimensions and complex topographies and whose
functions are comparable to complex biological interfaces.4 For example, biologically active
polymer brushes found on cell surfaces perform regulatory tasks such as communication,
digestion, pathogen invasion, or immune responses. Mimicking cell-surface biopolymers can help
rapidly increase current understanding of the role of membrane biopolymers in biological
regulation and how the subtleties of binding and stimuli-response contribute to their biological
roles. The envisioned mimics of these complex interfaces would be an arrangement of brushes
spread across a surface segregated into thousands-to-millions of individual areas on the x, y plane
of the substrate, which are referred to as pixels (Figure 1.1). In these structures the height and
composition of the polymer brushes at each pixel of the surface could be individually varied, the
diameter or edge length of each pixel across the surface should be <1 micrometer, and the height
of each polymer brush pixel should be controllable to within <10 nm. One can even envision
structures of these polymer brush patterns where composition along a chain could be controlled
by printing block copolymer brushes. We refer to such structures as ‘polymer brush hypersurfaces’
and not ‘3D prints’ or ‘3D structures’ because the three cartesian dimensions are not sufficient to
define their structure. For example, defining any voxel – a unit of volume in a three-dimensional
structure5 – in the block copolymer hypersurfaces would require at least 4 orthogonal dimensions
– (i, ii) x, y position across the surface, (iii) height, z, and (iv) chemical composition. Rather than
refer to these objects as ‘4D prints’, ‘4D structures’, or ‘4D surfaces’, we use the term
hypersurface6 because ‘4D printing’ has already been coopted by the printing community to refer
to objects whose structures change with time,7, 8 and to also recognize that these polymer brush
patterns may necessitate more than 4 variables for a complete description. So any method for
printing polymer brush hypersurfaces would allow users to control patterning with compositional
control at the single voxel level of resolution, and such a polymer brush hypersurfaces with sub-1

2

Figure 1.1 The progression of patterned surfaces as a result of instrumentation and
chemistry advances.
µm3 voxel volume would have potential applications including in biosensors,9-11 stimuliresponsive materials,12-14 electronics,15, 16

17, 18

, for tissue engineering,19 or in any field where

complex, multidimensional polymer brush objects with micrometer or sub-1 µm3 voxel resolution
is required. In this review, we briefly describe printing techniques and immobilization strategies
that have been utilized for creating topologically sophisticated synthetic soft matter surfaces, what
challenges needed to be addressed to construct polymer brush hypersurfaces, and how our group
furthered printing technology and surface chemistry to build complex polymer brush
hypersurfaces.
Two major challenges have precluded the fabrication of these multidimensional polymer brush
hypersurfaces, and, as a direct result, these objects have not been widely adopted by the research
and industrial communities. The first challenge is inadequate printing instrumentation. A
hypersurface printer must have the following attributes. It must be able to achieve pixels with ~1
micrometer-scale or sub-micrometer scale diameters or edge lengths. It must possess a means of
controlling height independently at each pixel. It must offer a strategy for varying chemical
composition at each pixel and along a polymer brush. Ideally these printers would also produce
patterns that cover a large (>1 cm2) area, do not require excessive print times, and are inexpensive.
The second challenge, chemistries for growing the polymer brushes off the surface, are equally
responsible for hindering the development of polymer brush hypersurface lithography. The
selected chemistries must provide a polymer brush that is anchored to the surface, can control
height precisely, provide a means to vary composition along a chain, and, importantly, must be a
reaction that can be spatiotemporally controlled by the hypersurface printer, meaning that the
printer can independently turn the reaction on or off at each pixel in the surface. Thus, the
instrumentational and chemical requirements are very difficult to meet in a single printer, and,
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until Hypersurface Photolithography (HP) was first reported,20 no printer had combined all of these
capabilities into a single platform.
The most common lithographic tools, which are those used for creating integrated circuits,21
are inadequate for producing soft-material hypersurfaces,22-24 and HP was made possible by
building upon significant progress in alternative lithographic methods that were specifically
developed for the micropatterning and nanopatterning of soft materials. Top-down
microfabrication tools, such as electron-beam, ion beam, or extreme UV lithography, whittle away
a solid structure using high energy irradiation that would denature or even destroy biological and
organic materials. In addition, even when strategies for creating polymer brush hypersurfaces
could be devised using these lithographies, the specialized tools and facilities needed are
prohibitively expensive and would exclude many researchers. Polymer brush patterns and even
multiplexed polymer brush patterns have been created using conventional photolithography.25-30
Generally, these structures are created by taking a substrate with initiators that are uniformly
coated across the surface, immersing this substrate in a monomer solution, and using light passing
through the reactions to grow the polymers via photochemical propagation reactions from the
surface only where irradiation through a photomask is occurring. These reactions, where the
polymers propagate from surface-bound initiators, are referred to as ‘grafted-from’
polymerizations, and are preferable for making hypersurfaces over ‘grafted-to’ reactions, where
pre-formed polymers are then deposited onto a surface.3 For example, if one were to make a
hypersurface with 1000 different polymers using a grafting-to approach, then one would have to
run 1000 reactions in solution, purify the polymers, and then transfer them from solution to the
surface, which often requires more material and time than can be reasonably dedicated to printing
a single surface. However, grafted-from reactions can consume minute amounts of monomer, can
be run in parallel, where different brushes are grown simultaneously at different pixels, and require
minimal post-polymerization purification and immobilization.
The Hawker group, for example, has extensively explored light-mediated atom transfer radical
polymerization (ATRP) chemistry for grafting polymer brushes from surfaces. Upon activation of
a photocatalyst by exposure to visible light, monomers propagate from the surface, and the
polymerization can be halted by simply turning off the light.31-34 With this chemistry, brush
polymers were patterned by irradiating through a conventional photomask, where growth is
spatially confined to light-exposed areas, leaving the unexposed regions with active initiators for

4

subsequent polymer brush growth. This method was also used to generate polymer brush gradients
by employing a neutral density filter to moderate the intensity of light hitting different regions of
the surface, which, in turn, spatially moderated the rate of polymer brush propagation.35 The same
group patterned five different emissive polymers onto the same surface, where the dopant
incorporation, position of brush growth, and brush thickness are controlled by exposing the surface
with light through a series of photomasks or utilizing wavelength dependent photocatalysts, and
these methods were used to fabricate organic light emitting diodes.36 Photochemical
polymerization on surfaces via photolithography was used by others for discovering new
photocatalysts37 and constructing oxygen tolerant polymerization systems38 by employing surfaceinitiated ATRP and surface-initiated radical addition–fragmentation chain transfer polymerization,
respectively. Several limitations of using successive photomasks to create multiplexed polymer
brush patterns, however, continue to preclude the facile fabrication of complex, arbitrary, polymer
brush hypersurfaces. These include that each new material that is patterned onto the surface
requires its own expensive photomask or elaborate photoinitiator schemes; polymer brushes of
different lengths are not easily prepared with the same photomask; and the need to align each new
photomask with the substrate limits resolution and, in turn, prevents the printing of block
copolymer hypersurfaces, where the length of each block at each pixel can be independently
controlled.
Alternatively, soft lithography methods such as microcontact printing (µCP)39-42 and dip-pen
nanolithography (DPN)43-46 have been used to create grafted-from polymer brush patterns µCP
relies upon elastomeric stamps to pattern molecules onto substrates. Stamps for µCP are made by
microfabricating a mold, also known as a master, of the desired pattern on a silicon wafer and then
curing an elastomeric polymer in the mold. After peeling the polymer from the master, a liquid
‘ink’, composed of the materials that will be delivered to the surface, is deposited directly onto the
stamp. The stamp is then pressed onto the surface, delivering the ink to the substrate to form
patterns. Because µCP does not use destructive, high-energy irradiation, it is advantageous for
patterning many types of soft materials including organic molecules,47-49 DNA,50-52 proteins,53-55
lipids,56, 57 glycans,58-60 and nanoparticles.61-63 Polymer brush patterns can be created by µCP by
using the elastomeric stamp to pattern an initiator onto a surface, and the polymer brushes are
grown from the surface by immersing the substrate in a monomer solution and propagating the
polymers thermally.64 Demonstrated applications of the resulting prints include organic LEDs,65
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thin-film transistors,66,67 integrated circuits,68, 69 and microoptical parts,65, 70 or for controlling cell
adhesion.71 Alternatively, DPN relies upon an atomic force microscope (AFM) tip that is coated
with an ink and mounted onto the z-piezo actuator of an AFM. As the tip is repeatedly brought
into contact with the surface, the ink travels through an aqueous meniscus formed between the tip
and the surface to create a pixel composed of the ink deposited from the tip. By moving the tip
with respect to the surface, a pattern is created with sub-micrometer control of feature diameter
and feature pitch.72 DPN has been used to pattern small molecules,73 metals74-78 and insulators,79
biopolymers such as DNA,80, 81 proteins,82-85 antibodies,86, peptides,87-89 and nanomaterials.90-92
Polymer brushes have been patterned with DPN by using the AFM tips to deposit an initiator onto
a surface, and polymers are subsequently propagated thermally from the surface by immersing the
substrate in an appropriate monomer solution.93-97 97 Zheng et al., for example, patterned initiators
for ATRP by DPN and subsequently grew polymer brush features with sub-1 micrometer
diameters and heights of ~35 nm.98 Based on their study, they determined that the height and
grafting density of the polymer were dependent on the force exerted onto the surface as well as the
dwell time of the tip when depositing the initiator. Alternatively, Riedo et. al. developed a
technique called thermochemical nanolithography, in which an AFM tip is heated to sitespecifically induce thermochemical reactions on a monomer-coated surface.99
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Both of these

methods, µCP and DPN, are relatively low-cost, bottom-up strategies that are non-destructive,
which makes them more attractive methods for patterning soft materials. Their drawbacks,
however, preclude them from being general solutions to the challenge of preparing polymer brush
hypersurfaces. In µCP, the stamps have a typical feature diameter that can only be reduced below
~1 µm with difficulty, and the distance between features is limited by capillary adhesion if they
are too close together and roof collapse if they are too far apart, thereby imposing major constraints
on the pattern design.101, 102 DPN offers more flexibility in terms of pattern design and can create
features with diameters <100 nm, but patterning areas are small – typically ~100 µm2. Finally, no
realistic approaches have been developed to create multiplexed patterns with either µCP or DPN,
where features of different materials can be patterned arbitrarily and with sub-1 micrometer control
over the registration between features of different compositions.
So both conventional top-down microfabrication and bottom-up soft lithography methods
have limitations that preclude them from providing general solutions to the polymer brush
hypersurface challenge. Yet, of these methods, DPN, and, more generally, scanning probe
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lithographies (SPLs), which are nanolithography techniques that involve scanning probes to create
patterns, have laid the foundation for modern hypersurface printers. Specifically, efforts in the
Mirkin group devoted to increasing printing area, developing new tip architectures and
multiplexing strategies, and coupling alternate forms of energetic activation laid the foundation
necessary for the evolution of SPL into HP. One of the most important of these advances was the
development of massively parallel elastomeric tip architectures.43, 103, 104 Although silicon-based
tip architectures with as many as 55,000 tips had been microfabricated,105 these were difficult to
prepare and hard to use. In 2008, Huo et al. described the first massively-parallel SPL, termed
Polymer Pen Lithography (PPL),103 a major breakthrough in SPL in which the cantilever-based
AFM tips used for DPN were replaced with elastomeric pyramids arranged into 2D grids with as
many as 107 tips. Upon mounting polymer pen arrays coated with inks onto the piezoelectric
actuators of an AFM, patterns were made in a similar fashion to DPN, in which ink transits from
the tips through an aqueous meniscus and onto the substrate. The significance of PPL is that
patterns could be made over large (>1 cm2) areas, while still maintaining many of the advantages
of DPN, including sub-1 micrometer pixel diameters, wide materials compatibility, and the ability
to create patterns without necessitating a photomask. Since it was first reported, PPL has already
been used to create patterns of biomolecules, such as DNA,106, 107 proteins,108, 109 lipids,110, 111
glycans,112,
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small organic molecules103, polymers,114-116 and nanomaterials.117,

118

Two

drawbacks of PPL, however, preclude this method from providing a general solution to the
problem of printing polymer brush hypersurfaces. These are that each pixel is composed of the
same material, and every tip in the array produces the same pattern or image, and so a single pattern
is repeated thousands of times across the surface. To address the former challenge, several
strategies for creating multiplexed patterns have been attempted. For example, PPL multiplexing
was accomplished by using108, 119 inkwells to load different inks onto a polymer pen array, but the
pattern created by any pen contained only a single ink. Other strategies are based on depositing
inks onto pads to dip the arrays into109 or depositing the inks directly onto107 the arrays via pipetting
and spin coating of the inks. These approaches, however, place strict limitations on the patterns
that can be printed, and the majority of the surface is sacrificial. So none of these strategies truly
solve the multiplexing challenge in that a very limited number of different inks are patterned in
the same array, and it is very difficult to create pixels of different inks in close proximity. As such,
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a major unaddressed challenge in SPL remained, namely the inability to create multiplexed
patterns, where the chemical composition of any pixel in the pattern could be varied arbitrarily.
Creating arbitrary patterns with each tip in the array was successfully solved by coupling
advanced optics and microfluidics – initially with pen arrays and then eventually by removing
them altogether. The term ‘arbitrary pattern’ in SPL is intended to mean that the image or pattern
created by each pen in the array is different, leading to a single, coherent image coating the entire
patterning area, rather than a smaller, less complex pattern being repeated by each pen across the
array. The key advance to creating arbitrary patterns by SPL was the development of ‘beam pen
arrays’, in which the massively parallel polymer pen arrays are coated with an opaque metal,
except for an aperture at the tip that allows for the passage of light. So, Beam Pen Lithography120
(BPL) is when these arrays are mounted onto an AFM, the arrays are illuminated from the
backside, and light traveling through the apertures induces a photochemical reaction. BPL has been
used to investigate several photoinduced organic reactions and grafted-from polymerizations,
including thiol-ene click reactions,121, 122 and controlled-radical polymerizations,123 respectively,
or for electronics fabrication by using the light that transits through the apertures to expose
conventional photoresists.120 Given that low-dose or low-energy irradiation can be delivered to a
surface by BPL, while still achieving sub-diffraction feature diameters, it has been used to make
nanopatterns of biomolecules, such as glycans123 or DNA124, as well as small organic molecules121,
122

and polymers.123 In the initial demonstrations of BPL, all tips produced the same patterns, but

this problem was soon resolved by introducing a digital micromirror device (DMD) into the optical
path between the light source and the tip arrays.15 A DMD is a chip coated with hundreds-ofthousands of individually actuatable mirrors that, under the control of a CPU, can either direct
light onto or away from individual tips in the underlying BPL array. And so a printer that includes
a DMD and a beam pen array can control the spatiotemporal delivery of light to each individual
tip in the BPL array to create arbitrary patterns whose minimum pixel diameters are determined
by the width of the apertures in the metal coatings in the tip arrays. The capabilities of this new
printer architecture, involving both BPL arrays and a DMD, were demonstrated by fabricating
electronics,15 and creating arbitrary patterns of small organic molecules,125-128 and DNA.129
PPL, BPL, and other SPLs based on massively parallel tip arrays had addressed many of the
challenges needed to print polymer brush hypersurfaces – soft-matter compatibility, printing
arbitrary patterns over large areas, and achieving sub-1 micrometer feature diameters. Two
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important criteria needed for any hypersurface printer, however, remained unsolved. These were
the ability to create truly multiplexed patterns, where there are no limitations on where each ink
can be printed, and a method of controlling the height of each pixel in a polymer brush pattern.
Here we describe the advances in both chemistry and instrumentation that have led to the recent
emergence of true hypersurface printers that can make these arbitrary, multiplexed hypersurfaces
from grafted-from polymer brushes. Finally, we give examples of how these printers are being
used to address a pressing scientific questions, including creating more accurate models of
biological interfaces to achieve a more nuanced understanding of biological recognition at
interfaces or creating stimuli-responsive surfaces for cryptographic applications.
1.2 Discussion
Even with DMD-equipped BPL, there still remained a need for advances in both chemistry and
instrumentation before polymer brush hypersurfaces could be realized. The major chemical
challenge involved increasing the number of bond-forming reactions that could be used to modify
solid-surfaces, validating accessible characterization methods for confirming bond formation, and
increasing reaction throughput, so that tens or even hundreds of different reaction conditions could
be tested in a reasonable timeframe. The latter is particularly important because researchers
investigating and optimizing reactions in solution typically carry out many reactions before
determining ideal conditions, and the low throughput of surface reactions – determined by the time
for setting up and characterizing a reaction – has slowed significantly the development of surface
chemistries such that of the myriad organic reactions known, few have been used to alter the
chemical composition of surfaces.23 Characterization challenges arise because the analytical
techniques that are used to characterize the products of reactions carried out in solution, such as
nuclear magnetic resonance (NMR) spectroscopy or mass spectrometry (MS), are not easily
adapted to characterize the composition of functionalized substrates, and, as such, new solutions
to the characterization challenge must be devised.130 To increase the numbers of reactions that can
be used to modify the composition of a surface, SPL techniques have been used to immobilize
molecules onto surfaces with metal catalyzed,131 enzyme catalyzed,132 thermal,99 redox,133 force,134
and light-induced reactions.9-12, 20, 121, 123, 135, 136 Of these, the photochemical reactions are the most
promising as light is a particularly easy activation source to spatiotemporally localize. However,
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to construct hypersurfaces with any of these surface chemistries there are still major challenges
that need to be addressed such as reducing feature diameter, spatiotemporal control of chemistry
in 3D, and construction of block-copolymers. Finally, a multiplexing strategy must be devised so
that a different polymer brush could be immobilized at each pixel on the surface. As such, there
was a need to further develop photochemical polymer propagation reactions and adapt them for
and integrate them with the appropriate instrumentation. Such instrumentation did not exist either,
and what was needed was a new platform that could achieve the targeted feature dimensions,
introduce different inks, and localize the stimulus that drives the polymer propagation. Herein, we
highlight our work in advancing both surface chemistry and printing instrumentation, which have
resulted in the first platform for creating polymer brush and block copolymer brush hypersurfaces.
We summarize a selection of these reports from our group and, in doing so, show how each was a
step towards the larger goal of creating the necessary instrumentation and chemistry to prepare
polymer brush hypersurfaces with structural complexity and functionality comparable to
biological interfaces.
1.2.1 Spatially controlled covalent bond formation over 1 cm2 areas
The first challenge that we sought to address was to show that patterns could be created by
using massively parallel polymer pen arrays to induce spatially localized covalent bond formation.
By doing so, we would demonstrate this important proof-of-concept, while simultaneously
learning to address the major challenges involved with inducing organic reaction on surfaces and
characterizing the products of these transformations. The difficulty associated with characterizing
the products of covalent reactions on surfaces arises because the formation of new bonds cannot
be determined using the conventional spectroscopic methods applied to reactions carried out in
solution, such as NMR and MS. In addition, the instrumentation that can directly detect the
formation of new covalent bonds on surfaces, such as X-ray photoelectron spectroscopy (XPS),
are low-throughput, expensive, and not widely available. Thus, finding appropriate
characterization methods that are accessible and higher throughput are important because
optimizing organic surface reactions potentially requires hundreds of experiments, and so rapid
quantitative analysis is essential for having a tractable reaction optimization timeline. An
alternative to relying upon expensive and rare instrumentation is to design inks that are detectable
on common, inexpensive, and high-throughput equipment. To this end, we have found redox10

active and fluorescent inks to be particularly useful because their immobilization can be monitored
by broadly accessible electrochemical, fluorescent, and AFM methods.

Figure 1.2. CuAAC chemistry with PPL.
In this report, we used “click” chemistry to create new bonds between functionalized surfaces
and molecules within the inks. The molecules were designed to facilitate characterization, and PPL
was used to pattern the ink onto the surface. Click reactions137 are biorthogonal surface chemistries
that generally have high yields, minimal byproducts, and, as a result, are ideal chemistries to
pattern organic and bioactive molecules and validate the instrumentation as a platform for surface
organic chemistry. The CuI-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction was
used to induce the formation of a new triazole linkage on a surface by reacting alkyne-labeled
reagents transferred by the tip onto a surface functionalized with terminal azide groups (Figure
1.2B).112 Two different inks (Figure 1.2C), alkyne-labelled rhodamine and alkyne-labelled
ferrocene, were prepared because their immobilization could be detected by fluorescence
microscopy and cyclic voltammetry (CV), respectively, which are both widely accessible and
11

relatively affordable characterization tools. A third ink, α-D-mannose, that can bind to the
mannose-specific lectin concanavalin A (ConA), was synthesized to confirm that the deposited
molecules maintained their native biological activity. These molecules were immobilized by
coating them onto a polymer pen array in a mixture with the Cu-catalyst, a reducing agent, and
polyethylene glycol, which is added as an agent to facilitate uniform transfer from the tip to the
surface by encapsulating all materials and thereby ensuring that all materials necessary for the
complex reaction to proceed are delivered to the surface in the appropriate ratios.116 Arrays of
rhodamine-alkyne were successfully transferred to the surface by PPL, and upon washing, patterns
with sub-1 µm features over large areas (>1 cm2) were visible by fluorescence microscopy (Figure
1.2D). The surface coverage density was determined by CV of a surface reacted with the ferrocene
ink. Finally, the ability of the patterned features to maintain biological activity was demonstrated
by covalently patterning α-D-mannose and exposing the surface to a solution of fluorescentlylabelled ConA. The fluorescent features indicated that the immobilized glycan was indeed
recognized by ConA. This study established that PPL combined with organic chemistry can be
used to pattern and covalently immobilize organic molecules onto solid interfaces without relying
on expensive instrumentation, thereby lowering the barrier to surface-reaction discovery. To
demonstrate the generalizability and ease with which PPL can be used to induce and study
thermally activated organic transformations on surfaces, fluorescent patterns were prepared by
delivering aryl phosphine-labelled fluorophores, which reacted with an azide-labelled surface via
a Staudinger ligation.138 While these reports addressed important challenges for building tools for
performing organic chemistry on surfaces, several requirements for achieving HP remained
unaddressed, including the ability to multiplex: in the above work, each print explored only a single
set of reaction conditions, thereby slowing reaction optimization. Additionally, the reactions
demonstrated were not polymerizations, thereby limiting patterning to two dimensions.
1.2.2 Spatially controlled photochemistry
The next challenge we sought to address was using spatially controlled photochemistry to
induce surface reactions for fabricating polymer brush arrays. To do so, BPL was used to deposit
organic molecules onto appropriately functionalized surfaces, and the features were subsequently
irradiated through the beam pen array to photochemically initiate covalent bond formation.
Photoinduced thiol-ene click reactions139-141 were selected as the first candidates for attempting to
12

form covalent bonds photochemically because these reactions results in high yield, bonds form
rapidly, and the reaction is biorthogonal compatible. BPL arrays were used to localize the catalytic
irradiation to form the pixels in the resulting pattern (Figure 1.3). We studied both the thiol-ene
click reaction between dyes and glycans functionalized with thiols with an alkene-terminated
surface, and, alternatively the thiol-acrylate reaction between acrylate-functionalized dyes and
glycans with thiol-functionalized surfaces. We confirmed photochemical bond-formation, and
studied reaction kinetics by varying the irradiation times for different features in the same print,
and, in doing so, made the surprising discovery that led to the advent of nanoscale 3D printing.
In this work, light was focused through beam pen arrays onto small areas of the surface that
had already been patterned with the reactive inks. Kinetic studies of the reactions between printed
dyes and the complementary surfaces were performed by varying the exposure time of light onto
each feature, and the resulting features were analyzed via fluorescence microscopy and AFM. We
found that the thiol-labeled rhodamine only formed monolayers, whereas the fluorescence and
height of the acrylate polymer brushes is dependent upon the irradiation time, showing that
photoinduced propagation proceeded successfully and that the polymer height could be controlled
precisely. Subsequently, the glycosylated monomer – α-D-glucose methacrylate –– was
polymerized with this approach, resulting in glycopolymer arrays, where the height of each
glycopolymer pixel could be systematically varied. It was found that the glycopolymers could bind
fluorescent ConA at concentrations several orders of magnitude lower than the monolayer glycan
arrays. The higher sensitivity was attributed to the ability of the glycopolymers to capture the
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Figure 1.3. Thiol-acrylate polymerization with BPL.
fluorescent lectin by way of biomimetic multivalent and cooperative binding modes. This work
was the first report of the growth of grafted-from brush polymers with BPL, and showed that
different height brushes could be grown at different pixels in a pattern through the spatiotemporal
control of catalytic irradiation. Importantly, we found that increasing the dimensionality of the
pattern by moving from 2D monolayer arrays to 3D polymer brush patterns resulted in the
reproduction of biomimetic recognition that occurs on interfaces, which, in turn, leads to
substantially stronger glycan-lectin recognition. Despite these advances, several additional
capabilities would still need to be demonstrated to create arbitrary hypersurfaces. These include
creating patterns with different compounds at different pixels, i.e. multiplexed patterning, and
creating an arbitrary pattern over the entire surface rather than having a small pattern reproduced
several times over the print area.
1.2.3 Liquid Cells for Multiplexed Organic Chemistry
Multiplexed soft-material micropatterning and nanopatterning is an ongoing challenge for SPL
and any other patterning method. The inability to place different materials at arbitrary locations in
14

the patterns renders the printing approach inadequate for preparing surfaces for many envisioned
applications, including sensors and displays, and overcoming this limitation required reimagining
printer design. The SPL methods already discussed rely upon placing an ink onto a pen or pen
array and transferring the ink to the surface via an aqueous meniscus. Several attempts have been
made to create multiplexed patterns with these tips that do not rely on changing the printer design,
and, as a result, the multiplexing capabilities are severely restricted. For example, by using the pen
array mold as ink wells to dip the pen array into prior to patterning the inks, each tip could be
loaded with a different ink.108, 142 The restriction, however, is that each tip prints only a single ink,
and so different inks cannot be placed in close proximity. Alternatively, Fuchs et. al. fabricated a
multiplexed pattern by placing different inks onto different regions of polymer pen arrays, but they
were limited to 5 inks in a pattern.107 These examples illustrate that increasing the number of
different compounds that could be patterned onto a single surface remained a challenge. So without
making major modifications to the printer design, arbitrary multiplexing – where the chemical
composition at any pixel in the surface could be arbitrarily controlled – would still not be
achievable.
Our first attempt at solving this multiplexing challenge involved modifying the SPL printer
architecture so that liquids can flow in and out of microfluidic channels that cover the printing
area, allowing for ink exchange during printing (Figure 1.4). This approach represented a
fundamental shift in SPL in two ways. The first is that reactions were now carried out in solution
rather than in air. The second is that the tips were no longer used to deliver and pattern ink onto a
surface, rather the reactive molecules were distributed throughout the reactive solution that coated
the surface and the tips were used solely to localize the activation energy that drives the reaction
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Figure 1.4. Incorporation of fluid cell for multiplexed patterning.
forward. With this approach, materials of different compositions can be printed in close proximity
in a single print by coordinating the spatiotemporal delivery of activation energy with the ink
exchange. To do so, we designed a flow-through microfluidic device where inks were mixed in
the reaction chamber and a beam pen array is lowered in the chamber to localize light onto the
surface, initiating a grafted-from photochemical polymerization. Two different fluorescently
labeled acrylate inks were sequentially pumped through the reaction chamber to graft brushes of
different composition in close proximity on the same surface. The effect of multiple reaction
variables
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brush

height,

such

as

photoinitiatior

concentration,

light

intensity,

monomer/photoinitiator ratio, reaction time, solvent, and z-piezo extension, were explored
systematically. Spots of methacrylate polymers functionalized with different fluorophores were
printed with a separation of only a few micrometers. This work demonstrated our first approach at
4D printing, where the four independent dimensions are the x and y position, which are determined
by the piezoelectric actuator stage, the height of each polymer feature (z), which is regulated by
the illumination time, and the chemical composition, which is controlled by the microfluidics.
Despite demonstrating the proof-of-concept that SPL and microfluidics could be combined to
create multiplexed polymer brush microarrays, we only succeeded in printing two different
polymer brush pixels with each tip. This work, however, was a major step towards the goal of a
dedicated HP printer because through this experimentation, we identified design flaws, including
that light leaking through the transparent polymer pen arrays caused high background polymer
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growth, that the complexity of the microfluidics made it difficult to move the tip arrays with respect
to the surface, and that the inks were not well mixed within the reaction chamber.
1.2.4 Capillary Multiplexing and High-Throughput Reaction Kinetics
In building a second generation, microfluidic-enabled SPL printer, we responded to lessons
learned during the development of the first microfluidic cell by simplifying the fluid delivery to
the reactive surface and introducing beam pen arrays to reduce off-target polymerization (Figure
1.5). To do so, we made several changes to the printer architecture. The first of which was to swap
the polymer pen arrays for beam pen arrays, where the Au coating blocks the light from
illuminating areas of the surface outside of the pixels, thereby reducing off-site polymerization. In
addition, the fluid printing cell was removed entirely, and, instead, the ink was first flowed through
a microfluidic chaotic mixer that efficiently combines the various solutions into a homogenous
ink, which is then flowed over the substrate, where capillary forces draw the printing solution
between the tip arrays and the surface. In addition to being far simpler to implement, by removing
the fluid cell from around the tip array, the movement of the tip arrays were not restricted.
To test the multiplexing capabilities of this printer we synthesized three different alkenefunctionalized fluorophores (Figure 1.5C). The inks were immobilized onto a thiol-functionalized
surface by UV-light triggered photochemical thiol-ene reactions between the thiol-terminated
surface and the alkene-fluorophores in the solution that were sequentially introduced to the printing
area. Capitalizing on the easy repositioning of the tips by the x,y piezo stage, the light that drives
the reaction is easily repositioned so different fluorophores can be printed at different pixels. So
by sequentially introducing a new ink, shining light on a pixel, moving the tip-arrays, and repeating
the cycle as needed, multiplexed patterns are created by each tip in the beam pen array. This ability
was confirmed by using the printer to print patterns with 9 unique colors by each pen by mixing
the three different fluorophores in different ratios.
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Figure 1.5. Multiplexed patterning.
We also showed how this easy mixing of inks and the ability to vary the irradiation time and
intensity at each pixel could be used to address one of the biggest bottlenecks in surface chemistry,
namely the inability to rapidly assess how different conditions affect reaction rates and yields. To
do so, the effect of light intensity and exposure time on fluorescence intensity was studied
systematically. A fluorescent ink was patterned into 5 x 5 arrays under continuous solution flow.
The patterns were analyzed via fluorescence microscopy and the fluorescence for the 25 spots that
were each printed under a different condition were tested. Because the same pattern is repeated by
each tip, statistically significant printing data is produced in a single print, which also reduces error
arising from batch-to-batch variability. In addition to providing a kinetic model for the surface
reaction, this also led to a counterintuitive observation: while fluorescence increased with
increasing irradiation time, as expected, fluorescence, on the other hand, decreased with increasing
light intensity. The work in this report was crucial toward building a Hypersurface Printer, not
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only for providing a viable strategy towards multiplexing, but also for demonstrating the necessity
for understanding the complexity of surface chemistry to achieve control over reaction yield.
However, drawbacks to our multiplexing attempts persisted, such as the fact that each pen repeated
the same pattern throughout, and we had not yet shown control over both chemical composition
and the height simultaneously.
1.2.5 Capillary Multiplexed Glycan Microarrays
To demonstrate the practical utility of these printing strategies, we sought to prepare glycan
microarrays because, of all the common biological binding pairs, glycan-GBP recognition most
often occurs at interfaces and is sensitively dependent upon surface structure.143,

144

Glycan

microarrays, composed of carbohydrates patterned onto substrates, have become an invaluable tool
for investigating the role of glycans and glycan binding proteins (GBPs) on cell adherence,
motility, and signaling, which have important implications for therapeutics and diagnostics.145-147
Despite the progress made in glycan microarray technology,148-152 there is still a need to decrease
feature sizes to increase probes per surface area, facile immobilization chemistry that can be used
for all glycans, and high-throughput assay experiments permitting more than GBP per microarray.
As a demonstration of the utility of the new capillary-enabled microfluidic fluid exchange, we
prepared a series of glycan microarrays to show how the exquisite control over surface chemistry
could allow us to explore the subtleties of biological recognition. Specifically, we used a further
modified version of the photochemical hypersurface printer (Figure 1.6A) to prepare glycan
microarrays. The major difference in this printer architecture compared to the one reported
previously is that the beam pen arrays were removed, which makes printing substantially easier
but each pixel on the surface had an edge length of ~4 µm. This was acceptable for the particular
application because there was no need for smaller features, as these features were already a 100fold reduction in area compared to the spots in conventional glycan microarrays.
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Figure 1.6. Multiplexed glycan arrays.
To demonstrate the capabilities of this platform, we printed two different types of glycan
microarrays: first we prepared a multiplexed glycan microarray, where multiple different glycans
were immobilized onto a single substrate to study GBP specificity (Figure 1.6C and D). In a
second array, we varied systematically the density of pent-4-enyl-α-D-mannopyranoside (α-Man)
to explore the effect of glycan surface density on GBP binding. The thiol-ene reaction was chosen
because it proceeds photochemically with high yield and selectivity, we have shown that it is easily
induced with our printer architectures, and alkenes are well known as glycan protecting groups
and easily incorporated onto the anomeric (C1) carbon of carbohydrates, so these glycans were
easy to obtain. To increase the throughput of the analysis of binding between GBPs and the printed
arrays, we designed a microfluidic incubation chip which contained eleven 250 µm wide channels
to support a different GBP solution in each channel. By placing the incubation chip on top of the
printed area, the binding of eleven different GBP solutions to the five glycans was tested
simultaneously. Binding assays were performed with two different fluorescently-labeled GBPs,
FITC-Con A (fluorescein isothiocyanate-concanavalin A) and Rhodamine-RCA120 (ricinus
communis agglutinin I). These two lectins were chosen because Con A is selective toward
mannose and glucose, while RCA120 is selective toward galactose, and so by choosing these two
GBPs we could explore whether natural GPB selectivity was maintained in our lectin arrays, and
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we found that it was. Thus, we showed that the miniaturized glycan array in combination with the
incubation chip rapidly accelerates the study of glycan interaction, which is made possible because
of reduced feature sizes.
Glycan-GBP recognition is typically weak in solution and relies upon multivalent and
cooperative binding modes that occur on the surface to achieve strong and specific binding.153 As
such, the 2D structure of monolayer glycan microarrays plays a critical in recreating the
recognition phenomena as they may occur at biological interfaces.144 To this end, we prepared a
second multiplexed monolayer glycan array to study how the surface density of α-Man would
affect ConA binding to the array. This was accomplished by printing an array where α-Man was
systematically diluted in the printed features with the biologically inert alkene, allyl alcohol, which
could also be immobilized to the thiol-surface with the same photochemical thiol-ene click
reaction. The ratio of the two alkenes – the glycan and the inert spacer – was controlled by simply
varying their relative concentrations in the printing solution. The association between the glycans
in this microarray and ConA was studied in the microfluidic incubation chip, where solutions with
varying [ConA] were exposed to the features printed at varying glycan:spacer ratios. Fluorescence
microscopy images of the resulting array provided data to analyze avidity, Kd, of ConA to the
surface glycans for 8 different ConA concentrations and 11 different ink ratios. We found that Kd
increasing with decreasing mole fraction (χ) of α-Man, and we observed an abrupt decrease in
fluorescence at χ = 0.2. This observation can be explained by considering the average spacing
between glycans. At χ = 0.2, the glycan spacing is larger than the spacing between binding sites
on ConA, and the GBP cannot bind to the surface multivalently, which is required for the ConA
to remain on the surface, thus explaining the abrupt decrease in binding for χ ≤ 0.2. In addition to
demonstrating the power of these printing tools in the context of glycobiology, this work was an
important step in the path towards HP. First, we confirmed the ease with which multiplexing is
accomplished with the ‘capillary-flow’ architecture. Second, the printing architecture used for this
work removed the pen array altogether from the optical path, which increases the minimum feature
edge-length to ~4 µm, although, it also reduces significantly the complexity of printing. However,
in these arrays binding between the glycan microarrays and GBPs remained relatively weak, and
so there is still a need in glycobiology for methods that recapitulate the 3D architecture of
biological interfaces to capture accurately the dynamics of glycan recognition.
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1.2.6 Arbitrary 3D Polymer Brush Patterns
The next printing challenge we sought to address in our progress towards HP was to show
that the polymer height could be independently controlled at any pixel across the surface, patterns
which we refer to as variable height homopolymers. To accomplish this feat, we used the DMDequipped printer described above to study the growth rates of the thiol-(meth)acrylate
photopolymerization (TAP), a reaction that is studied for tissue engineering,154-157 creating
hydrogels,157, 158 preparing glycan microarrays,11, 123 and controlling cell−substrate interactions.155
Thus we reasoned that patterning using this polymerization could open many new opportunities in
material science and biology, but the kinetics of the reaction were poorly understood and this
reaction had never been used to create polymer brush arrays. To carry out this study, we leveraged
the ability of the printer to vary the irradiation time independently at each pixel to carry out high
throughput kinetic studies, whereby polymers were grown with different irradiation times at
different pixels on the same surface (Figure 1.7). The effects the photocatalyst concentration and
light intensity on feature height and growth rate were studied by varying printing time for each set
of reaction conditions, and using AFM to determine feature height. Several important insights into
the polymer kinetics were made as a result of the ability of this method to rapidly test >200
different reaction conditions. We found that feature heights increase linearly as exposure time and
photocatalyst concentrations increase, then the growth plateaus at longer times, in-line with other
studies on the growth kinetics of photopropagated grafted-from polymer brushes.38, 159, 160 One
observation that was unexpected was that, after a certain light intensity was reached, further
increasing light intensity decreased growth rate, a phenomena that would not likely have been
discovered without the high-throughput studies enabled by this platform. We were further able to
show that propagation could be turned on and off by turning the light on and off, (Figure 1.7C),
respectively, which is a key feature of reversible-deactivation radical propagation mechanisms
(RDRP). This observation is an important validation of this approach because, prior to this study,
the TAP had not been considered to be an RDRP. Another important demonstration achieved in
this study was showing how a rigorous understanding of growth kinetics could be used to make
arbitrary 3D patterns, where the polymer height at each pixel could be independently controlled.
To do so, a black and white photograph was converted to a set of four binary images that
correspond to different exposure times during patterning. Upon irradiating the surface with the
four different images, the 3D polymer brush pattern in the shape of the photographic image was
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obtained, where light intensity in the original image was converted to polymer height in the
polymer brush hypersurface (Figure 1.7D). Thus, we had established that this printing architecture
could create arbitrary 3D polymer brush patterns with micrometer-scale pixel edge lengths by
combining the capillary-based printing architecture with advanced polymer chemistry, and the
next challenge to be addressed involved creating arbitrary, multiplexed, polymer-brush patterns.

Figure 1.7. Arbitrary 3D patterning of acrylates.
1.2.7 Polymer Brush Hypersurface Photolithography
As the next step in printer evolution, we combined the grafted-from photopolymerization
driven by light from a DMD – which provide precise control over height at each pixel – with the
capillary-flow multiplexing to control the composition of the monomers being propagated at each
pixel (Figure 8A). With the DMD-enabled printer architecture, we achieved true multiplexed
polymer brush and copolymer brush hypersurfaces, where the monomer composition can be
controlled in each voxel of the structure. To do so, we first used the printer to drive surface-initiated
atom transfer radical photopolymerization (SI-ATRP, Figure 1.8B). SI-ATRP was chosen because
of its broad monomer compatibility3, 27, 161-163 and because it performs reliably in a variety of
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different printing platforms.31, 164-169 A drawback of this reaction, however, is that O2 and H2O
interfere with the propagation, so we designed an inert atmosphere chamber that surrounds the
fluid cell. The propagation kinetics of SI-ATRP were understood by studying multiple different
polymerization conditions in a single print to rapidly determine the relationship between
irradiation time and polymer height. These data were then used to pattern a 3D image of the Statue
of Liberty by the same method we patterned pictures with the thiol-acrylate polymerization
(Figure 1.8D). The successful image construction was confirmed via fluorescence microscopy and
AFM.
Given the ability of this platform to both grow polymer brushes and change inks, we next set
to demonstrate polymer brush and block copolymer brush hypersurfaces, where, in the former, the
composition of the polymer brush at any pixel can be varied arbitrarily and, in the latter, the
composition can be controlled at any voxel. In other words, we sought to use this printer to show
that we could vary composition of the brush grafted at any pixel as well as along the chain. To
create the polymer brush hypersurfaces, three different colored methacrylate monomers were
prepared, and the propagation kinetics for each was studied to determine the relationship between
irradiation time and brush height. By coordinating the DMD and microfluidics, a reproduction of
a painting of the Barcelona skyline was printed (Figure 1.8D), where the color and the
brightness/height of each pixel was controlled by varying the composition of the monomer flowed
into the fluid cell or the irradiation time, respectively. The pattern was then imaged using
fluorescence microscopy, revealing the successful patterning of a polymer brush hypersurface,
where the composition and height at each pixel over a large surface could be arbitrarily patterned.
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Figure 1.8. Hypersurface Photolithography.
Although it would be difficult, this same polymer brush pattern could be prepared using a series
of photomasks, where each photomask prints a pattern composed of polymer brushes of a specific
height and composition. There is, however, no current microfabrication method that can create
arbitrary block copolymer hypersurfaces, where the composition of blocks and block lengths at
each pixel could be independently varied. The problem with attempting to make copolymer brush
hypersurfaces using a series of photomasks is that each photomask would have to be aligned
precisely, and as a result of limitations with respect to realignment precision, it is extremely
difficult to print one microscale feature directly onto another. In addition, growing block
copolymers requires maintaining the living chain ends, and so masks would have to be changed
while maintaining an inert atmosphere, which adds additional complications to the printing
process. Using microfluidics to introduce new inks and the DMD to illuminate the surface
circumvents the needs for alignment between new inks or creating polymers of different heights.
Rather, to change composition along a chain, a new ink is flowed in, and the correct mirror is
simply turned back on, and the whole process takes place under inert atmosphere to ensure the
chain ends remain living. To this end, ethylene glycol dimethacylate (EGDMA) and tert-butyl
methacrylate (tBMA), were printed to form pixels of homopolymer and block copolymer brushes
that could be analyzed by AFM to measure heights and confirm the formation of EGDMA-blocktBMA copolymer brushes (Figure 8E and F). With this HP technology fully realized, we sought
to demonstrate how the rapid chemical optimization and advanced printing capabilities could lead
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to new devices and chemistries that would be difficult or altogether impossible to implement in
other printing platforms.
1.2.8 Stimuli Responsive 6D Hypersurfaces
Polymer brush films and polymer brush patterns are increasingly important in many aspects of
science and technology – including in coatings,170 sensors,171 and responsive surfaces172-174 – and
are the subject of substantial research in materials science. Two major current challenges in this
field include: (1) the difficulty in understanding how reaction conditions affect polymer brush
growth rates and heights, and (2) the inability of printing platforms to independently control the
chemical composition of the polymer brush in each voxel so that different block copolymers can
be created in each voxel with micrometer-scale feature dimensions. In this report, we showed the
multidimensional printing capability of the hypersurface printer to create patterns, where, in each
voxel we can control the x, y position, the height, the composition, the response to light, and the
response to heat, which, as a result, we term 6D hypersurfaces. Some of the polymer brushes in
this pattern contain as many as four different blocks, where the height and chemical composition
along the chain is controlled precisely. This was demonstrated by printing orthogonal images
within the same pattern – when exposed to light one image is revealed and when exposed to heat
a different image emerges. The patterns that were prepared for these hidden images to emerge
illustrate how our new printer makes the fabrication of such patterns almost trivial.
With the HP printer (Figure 9) we first varied propagation conditions, resulting in a
comprehensive understanding of the grafted-from polymerization of the monomers N,Ndimethylacrylamide (DMA) and N-isopropylacrylamide (NIPAM) when propagated using SIATRP. These two monomers were chosen because polymer brushes of pNIPAM collapse in water
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Figure 1.9. Stimuli-responsive surfaces.
heated above the lowest critical solution temperature (LCST) of pNIPAM, while pDMA brushes
do not collapse. Once the growth rates were understood, experiments were performed to quantify
the swelling-collapsing transition of the pNIPAM brushes in response to changes in temperature
to ensure that an appreciable change in height would occur and that the temperature-responsive
images could be easily observed optically. The collapsing coefficient was determined in H2O by
measuring the height of pNIPAM and pDMA at 25 °C and at 45 °C with an AFM, which were
below and above the pNIPAM LCST, respectively. After understanding the kinetics and the
collapsing coefficient of pNIPAM, we took advantage of the living nature of the SI-ATRP, and
the ability to introduce reagents sequentially into the printing chamber with the integrated
microfluidics by first creating a pattern where pDMA and pNIPAM were grown to the same height.
Upon heating the pattern in H2O, a change in height was observed only in the pixels patterned with
pNIPAM, thereby revealing a secret message. Subsequently, we designed 6D hypersurfaces that
revealed different images when heated or when exposed to UV light. While the chain ends
remained living, a printing solution of DMA doped with RMA was introduced into the fluid cell
to create a short copolymer, which would place a fluorescent “hidden message” on top of the
height-responsive pattern. Under ambient conditions no pattern is seen, whereas upon exposure to
UV light a tetrahedral carbon is observed. Alternatively, upon heating the same pattern above the
pNIPAM LSCT in H2O, a benzene ring is revealed. With this work we show that the benefits of
HP, in that complex and functional polymer brush films can be easily prepared, while reducing
substantially research efforts and costs.
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1.2.9 Glycopolymer Microarrays with Sub-Femtomolar Avidity for Glycan Binding
Proteins
On the surface of cells, the glycocalyx is a dense layer of glycans approximately 100 nm – 1
µm thick, where glycan-GBP interactions occur.175 To reproduce the binding interactions that
occur in biology and to detect GBPs at biologically-relevant concentrations, glycan microarrays
should reflect more accurately the multivalent presentation of glycans in the glycocalyx. Ideally,
the approaches to create the glycan arrays should enable the facile integration of widely available
glycans onto multivalent scaffolds. In an effort to create better surfaces for sensors, coatings, and
cell growth, we leveraged the accelerated reaction discovery enable by HP to develop an entirely
new

photoinitiated

polymerization,

that

we

termed

‘grafted-to/grafted-from

radical

photopolymerization’ (GTGFRP).11 In our previous report, we used thiol-functionalized surfaces
to initiate the TAP reaction.136 Here, we built upon this reaction but made several critical changes,
including the addition of pentaerythritol tetrakis(3-mercaptopropionate) (PETT) as a monomer,
which leads to a highly cross-linked polymer that continue to propagate under continuous light
exposure under ambient conditions and without metal catalyst (Figure 1.10B-D). These changes
removed the necessity of an inert environment, increased substantially the maximum feature height
to >20 µm, and provides a means to incorporate functional groups either during or postpolymerization. We used this new GTGFRP chemistry for patterning cross-linked polymer
brushes. We grew surface copolymers containing EGDMA and PETT from thiol-functionalized
surfaces. The kinetics of this polymerization experiment were studied by patterning a surface with
each spot representing a different exposure time. Polymer heights were studied systematically by
varying both monomer concentrations, photoinitiator concentrations, light intensity, and exposure
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Figure 1.10. Glycopolymer microarrays.
time so that the height of the cross-linked polymer brushes at each feature could be precisely
controlled (Figure 1.10E and F)
Once the kinetic data for the copolymer brush composed of EGDMA and PETT monomers
was understood, we added a new monomer to the printing solution, α-Man, the same alkene
labelled mannose used in our previous reports.9, 10 This resulted in a GTGFRP reaction in which
the glycans are grafted-to a polymer chain as it grows grafted-from a surface. The resulting glycan
microarrays, in which both brush height and glycan density were varied, were used to explore
systematically the role of glycan grafting density and polymer height on Kd. We observed that as
the [α-Man] increased in the printing solution, the grafting density of α-Man on the polymer brush
would also increase as seen when comparing the NF in glycopolymers of similar heights.
Subsequently, vertical lines were patterned onto a surface with different growth times and a glycan
concentration of 500 µM, where feature heights from the polymers varied from 10 nm to 20 µm.

The same 11-channel incubation chip described above was used for high throughput binding
assays, where the concentrations of fluorescently-labelled ConA was varied from 104 – 10-4 pM
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(Figure 1.10G). Analysis of the resulting fluorescent images Kd values as low as 0.3 fM, the
strongest binding between a mannoside and ConA every observed in a glycan microarray. We
attribute this strong binding to the multivalent and cooperative interactions occur between ConA
and the multivalent glycopolymer brushes. Thus, in this report we showed how HP could lead to
the discovery and optimization of new surface chemistry, and then used this combination of
advanced printing architectures and surface chemistry to create new glycan microarray architecture
for the ultrasensitive detections of GBP, a result that is bond to have a substantial impact on the
rapidly growing field of glycobiology.
1.3 Conclusions
Here we showed how our group expanded on the ability to pattern molecules onto surfaces
with control over position, height, and composition, while maintaining micrometer-scale voxels,
all resulting in the development of Hypersurface Photolithography. This could not have been done
without advances in chemistry and instrumentation, which have been a long-unresolved challenge
in chemistry and materials science. Providing functionality onto specific locations of a surface
widens the spectrum of applications of grafted-from polymer brushes.18, 176-178 Some of these
applications include fundamental studies of polymer chemistry,179-181 directing and control of
protein adsorption and cell adhesion,182,

183

chemical sensing,184 analytical devices that use

combinatorial microarrays,185 micro- and nanofluidic devices,186,

187

stimuli responsive

materials,13, 14 luminescent surfaces,163 and biomimetic architectures.188 We have recently shown
that through the advances in the instrument, we have been able to solve the multiplexing
challenge,121, 135 characterize surface reaction rates,11, 12, 20, 121, 136 and pattern biomolecules using
different synthetic approaches.9-11, 112 123
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Massively Multiplexed Tip-Based Photochemical Lithography under Continuous Capillary
Flow
Chapter 2:
Contents from this chapter are adapted from the published paper: “Massively Multiplexed
Tip-Based Photochemical Lithography under Continuous Capillary Flow”
Carlos Carbonell, Daniel J. Valles, Alexa M. Wong, Mei Wei Tsui, Moussa Niang, and Adam
B. Braunschweig, Chem, 2018, 4, 857-867.
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Massively Multiplexed Tip-Based Photochemical Lithography
under Continuous Capillary Flow
2.1 Introduction
Massively parallel tip-based lithography (TBL) uses elastomeric arrays possessing up to
107 nanoscale pyramidal tips mounted onto the piezoactuators of an atomic force microscope
(AFM), and is emerging as one of the most promising strategies for patterning delicate organic
and biologically active materials with sub-1 micrometer feature diameters.1-4 The primary benefits
of TBL are that nanoscale dimensions are obtained, while eschewing denaturing or destructive
radiation, and that arbitrary patterns can be printed over large (>cm2) areas5, while circumventing
expensive mask-fabrication for each new pattern. In beam-pen lithography (BPL), the pyramids
are coated with Au, and an aperture is etched into the apex, enabling mask-free photolithography.6
When BPL is combined with a digital micromirror device, each tip in the array creates an
independent pattern, so that truly arbitrary patterns can be printed over cm2 areas, while
maintaining nanoscale feature diameters.7 Because of its versatility, TBL is being used to
investigate diverse scientific challenges including understanding stem-cell differentiation8,
studying the movement of lipids9, patterning brush polymers10, and constructing new photovoltaics
architectures11. Our group has focused on using massively-parallel TBL to study organic surface
chemistry.12, 13 These efforts have resulted in new methods to prepare glycan arrays14, 15, create
grafted-from brush polymer patterns15, functionalize the basal plane of graphene16, and derive
quantitative models of how force accelerates surface reactions.17
An unaddressed challenge that continues to preclude the wider adoption of TBL is the
difficulty involved in creating multiplexed patterns – where different inks are printed in close
proximity with ̴ 1 micrometer-scale spot diameters. Multiplexed patterns are critical for many
applications, particularly in “Omics” research18, 19 where they are used in gene-, protein-, or
glycan-chips to study biological recognition in parallel and under identical experimental
conditions. These substrates are most commonly prepared by pin-printing, which rarely produces
feature diameters below 75 µm.18, 20 There is a compelling desire to continue miniaturization in
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biochips21 because reducing feature diameters would decrease the quantity of material needed for
printing and analysis, and the increased number of features that fit in a given area could increase
throughput substantially. Strategies for creating multiplexed arrays with TBL have been
developed, but each has strict limitations on the patterns that can be printed, and as such no flexible
TBL-based multiplexing approach has yet been developed. The first pattern where TBL was used
to print multiple inks on a surface used inkwells to load different inks onto a polymer pen array,22,
23

but the drawback was that the pattern created by any pen contained only a single ink. Other

strategies are based on depositing inks onto pads to dip the arrays9 or directly onto the arrays via
pipetting9 and spin coating of the inks,24 where different inks are loaded in different regions of the
pen array, up to a maximum of nine inks. These approaches, however, place strict limitations on
the patterns that can be printed, and the majority of the surface is sacrificial. Ideally, a multiplexing
strategy should allow an arbitrary number of different inks to be patterned on a surface, and have
no restrictions on how the different inks are arranged. Given the current state of TBL-based
multiplexing, an entirely new approach is needed that considers how instrumentation and surface
chemistry can operate synergistically to pattern surfaces with multiple inks, into arbitrary patterns,
and with ~1 micrometer feature diameters.
Recently we reported an attempt to address the TBL multiplexing challenge by combining
a fluid cell, transparent polymer pen arrays, and photochemical organic surface reactions.25
Polymer pen arrays were embedded within a microfluidic cell, and fluorescent inks were
introduced below the pen arrays in solution. Light was channeled through the arrays to locally
induce a photochemical reaction between thiol groups on the surface and dye-functionalized
methacrylate inks, resulting in grafted-from fluorescent brush polymers. This approach – using
transient light, rather than material deposition by the tips, to immobilize ink into a spot – provides
a straightforward route to switching the inks that are printed by a tip by simply introducing new
inks into the cell after each spot is printed. In addition, because reactions are carried out in solution,
rather than in a polymer matrix,26 the kinetics and environment of the reaction are more familiar
and easier to optimize. Using this fluid cell, we successfully created a pattern, where each tip
printed two spots of methacrylate brush polymers that were side-chain functionalized with
different dyes. Although an important proof-of-concept, we could not print more complex patterns
because the fluid cells were cumbersome and unreliable, the background signal was too high
because of light leaking through the transparent polymer pen arrays, and the inability to efficiently
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change the inks could not be overcome. As a result, this previous work failed to address the
multiplexing challenge, but provided a starting point from which we build in the work described
herein. In the current approach, we report three important innovations that, taken together, enable
the versatile printing of multiplexed patterns by TBL. Specifically, these are that (1) polymer pen
arrays are replaced with beam pen arrays, which focuses light and reduces significantly the
background signal, (2) the fluid cell is removed, and instead reactions occur within a droplet pulled
below the array by capillary forces, and (3) reactant solutions are mixed in a microfluidic cell
upstream of the droplet, enabling the efficient switching of inks. Here, we describe the instrument
design, demonstrate the optimization of the thiol-ene photochemical click reaction27 within the
droplet, and use this strategy to print a series of multiplexed patterns.
2.2 Results and Discussion
The notable components of the new instrument that enable the multiplexed printing are the
microfluidic system, the optics, including the beam pen array, and the motorized stage. A scheme
of the printer is provided in Figure 2.1, and in Figures 2.2 and 2.3. The microfluidic system is
composed of three syringe pumps that control the flowrates of different ink solutions into a
polydimethylsiloxane microfluidic mixer. This mixer incorporates chaotic ridges28 that efficiently
homogenize the solutions before entering 1/16” polyether ether ketone (PEEK) tubing, whose exit
is placed adjacent to the beam pen array. Solution is drawn between the beam pen array and the
reactive surface via capillary forces – circumventing the need for a cumbersome fluid cell – and is
withdrawn via PEEK tubing on the opposite side of the tip-array by applying negative pressure
with another syringe-pump. For uniform introduction and removal of inks from the reaction
droplet, the withdrawal rate was always greater than the flowrate. To induce the photochemical
surface reactions, light is passed to the surface through the apertures in the beam pen arrays. The
light source is a 1400 mW/cm2 365 nm collimated LED. A mirror directs the light through a GRIT
UVFS ground glass diffuser and onto the back of the tip array. The diffuser was necessary to ensure
the light spread uniformly across the back of the tip array. To control the movement of surface
with nanometer precision, it was placed on the piezoactuated translation stage of a Park XE-150
AFM that is also equipped with an x,y tilting stage to align the surface with respect to the tips. The
100 x 100 tips arrays were fabricated according to previously reported protocols6, 29 with an 80 µm
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Figure 2.1. Scheme of printer.
tip-to-tip pitch, and apertures varied from 200 nm to 10 µm. The beam pen arrays are mounted
onto the z-piezoactuator of the Park PPL head, which controls the z-height of the tips over the
substrate. Two microcameras monitor optically the levelling between tip array and surface on the
x and y axes of the reaction surface.
The printer is designed to immobilize inks in the droplet onto the surface via photochemical
organic surface reactions. The thiol-ene photochemical click reaction (Figure 2.4) between alkenefunctionalized dyes and thiol groups on glass-slides in solution was selected for this proof-ofconcept study because it proceeds rapidly and in high yield,27, 30, 31 and previously our group15 and
others32 have used it in the context of TBL. To study the thiol-ene reaction within the new printing
tool, thiol-terminated glass slides were prepared following previously published protocols from
our group,15 and alkene fluorophores 1, 2, and 3, that were selected for their distinct absorption
and emission profiles, were prepared via organic synthesis (Figure 2.4). The molecules were all
characterized by 1H NMR,

13

C NMR, high-resolution mass spectrometry, and UV-Vis and

fluorescence spectroscopies. All data were consistent with the proposed molecular structures.
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Figure 2.2. Parts of AFM printer.

Figure 2.3. AFM printer.

53

Figure 2.4. Scheme of the reaction.
To understand how different printing parameters affect the reaction within the droplet, 2
was printed onto thiol-terminated glass slides under a variety of different conditions. The variables
to consider for each print are light intensity (I), reaction time (t), dye concentration [2],
photoinitiator (2,2-dimethoxy-2-phenylacetophenone, DMPA) concentration [DMPA], tip array
height above the surface (z-height), and average diameter of the beam pen tip array apertures. A
major benefit of this approach is that the immobilization chemistry can be optimized rapidly
because each spot in a pattern can be printed using different conditions. As a demonstration, a 5 x
5 dot pattern of 2 was printed with each tip, using a beam pen array with an aperture diameter of
2.26 ± 1.03 µm, where each spot was printed with different I and t. Specifically, a solution
containing 30 mM solution of 2 and 30 mM DMPA was prepared in DMF:DMSO 75:25 v/v. Using
the syringe pump, the solution entered into the reaction droplet at a flowrate of 5 µL/min. The 5 x
5 array was printed under continuous solution flow (5 µL/min) with I = 20, 40, 60, 80 and 100 %
of the 1400 mW/cm2 and t = 1, 2, 5, 10, and 20 minutes with a reference dot (t = 10 min, I = 100
%) to identify the origin of the pattern (Figure 2.5). Following the print, the slide was rinsed with
EtOH (10 mL) and sonicated in DMF (5 min) to remove any physisorbed dye, such that only
covalently bound dye remained on the surfaces. The pattern was analyzed with fluorescence
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Figure 2.5. Rate of Immobilization for fluorescein
microscopy, and the fluorescence intensity and diameter of each spot was determined using
ImageJ33 software. The effect of the reaction conditions on the immobilization efficiency was
compared by measuring the normalized fluorescence (NF) of each spot in the pattern (Eq. 2.1).

NF =

mean intensity of the feature
mean intensity of background

Eq. 2.1

NF is used because it is relatively independent of imaging parameters and microscope optics, and
can be used to compare data measured on different microscopy platforms.34 Otsu’s algorithm 35, 36
was used to determine the NF of each feature. In brief, each feature was cropped from the image
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Figure 2.6. Fluorescence analysis with ImageJ.

and Otsu’s threshold was applied to separate features into foreground and background (Figure
2.6). By dividing mean intensity by background, the NF was determined. To arrive at statistically
significant values of NF for each print, 30 patterns of the 10000 printed across the surface were
analyzed.
The analysis of the fluorescence data demonstrate that both I and t affect NF. The highest
NF (I = 20 %, t = 20 min) of 1.40 ± 0.04 was close to maximum observed for fluorophore
monolayer in previous work.14 Interestingly, NF decreased with I, with the greatest NF arising
with spots printed at lowest I. This is consistent with previous results,15, 25 and suggests that
complex chemical dynamics may arise from the high radical concentration at high photon flux,
which may disrupt the underlying monolayer. Also, it was observed that NF increases with time,
regardless of I. The changes of NF of the spots with respect to time (I =20 %) were fit to a pseudo
second order adsorption model37, 38 (Eq. 2.2),

𝑁𝑁𝑁𝑁 = �

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 )2 ∙ 𝑡𝑡
� + 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚
1 + 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 ) ∙ 𝑡𝑡

Eq. 2.2
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where kads is the pseudo second order adsorption rate constant. This kinetic model was developed
by considering the formation of the C‒S bond irreversible. In addition, this model was used
previously by Mrksich to determine rates of reaction for covalent bond formation on monolayers.38
From the fit of the data (R2 = 0.998), and assuming a maximum coverage 2.7·1014 molec·cm2,39
we determined kads = 1.1·10-17 ± 30% cm2·molec-1·s-1, and a maximum extrapolated NF of 1.49,
which matched well with the maximum NF we observed experimentally of 1.40 ± 0.04 (See SI).
For comparison, the data was also fit to a pseudo first order Langmuir isotherm, whose fit was
only slightly less good (R2=0.993). The second order kinetics can be attributed to the two-step
reaction process,38, 40 which involves first formation of the thiol-centered radical, followed by C‒
S bond formation. Thus, in a single pattern, we were able to print 25 different conditions on the
reaction, which was sufficient to derive quantitative kinetics, thereby demonstrating how this
platform can be used to accelerate reaction optimization and measure quantitative chemical
kinetics.
We also explored the role of z-height on the resulting patterns. Briefly, a 3 x 3 pattern of 2
(100 mM 1:1 2:DMPA, DMF:DMSO 75:25, I = 20%, 5 µL/min, t = 10 min) was printed by
changing z-heights (0, 6, 12 µm) with a 2.26 ± 1.03 µm aperture diameter beam pen array. After
washing the surface and analyzing the fluorescence images, no significant difference was observed
in either the spot diameters (4.08 ± 0.42 µm) or the NF (1.15 ± 0.02). This is a significant contrast
to our previous work in the fluid cell using transparent PPL arrays, where both NF and diameter
were sensitively dependent upon z-height.25 The role of concentration of 2 and DMPA was also
explored by printing at five different concentrations (5, 30, 50, 70, 100, 150 mM; 1:1 2:DMPA,
75:25 DMF:DMSO, I = 25%, 5 µL/min, t = 20 min). Interestingly, NF increased from 5 to 50 mM,
while decreasing from 70-150 mM. We speculate that the diminishing NF arises from the
sensitivity of 2 to the high radical concentration upon increasing [DMPA], but further examination
is needed to determine why NF decreases with both increasing [2] and I. Finally, the patterning of
lines was achieved by printing with the continuous movement of the beam pen array across the
surface. An array consisting of 2 rows of 3 dots (t = 15 min/dot) with alternating lines (100 nm/min)
along 40 µm translation with three repetitions was patterned (Figure 2.7) with 2 (50 mm 1:1
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Figure 2.7. Lines and dots.

2:DMPA, DMF:DMSO 75:25, I = 20%, 5 µL/min). Upon examining these patterns, insight was
gained on the relationship between spot diameter and aperture diameter. Regardless of aperture
diameter, the spot diameter was always slightly larger than the aperture. This could be the result
of either light spreading from the tip held above the surface or photogenerated radical diffusion.
We have not yet found ideal conditions to print successfully with diameters below 2 µm, and this
is the subject of ongoing exploration that involves balancing concentration, aperture diameter, and
reactant concentration.
The next aim was to demonstrate the printing of multiplexed patterns, where each tip in the
array creates patterns with spots composed of different inks. To do so, an ink is introduced via the
microfluidic cell, light is turned on to produce a spot, the tips are moved, a new solution is
introduced from the mixer, and the process is repeated. This first required finding optimal
conditions for printing the other fluorescent inks and for changing inks entering the reactive
droplet. First conditions were explored for immobilizing 1 and 3 via the thiol-ene reaction. (Figure
2.8). Interestingly, the best printing conditions varied from ink-to-ink, a phenomenon that has
significant consequences for multiplexed printing. While the conditions that gave the highest NF
for printing 2 are 50-70 mM and 1:1 2:DMPA, the best conditions for printing 1 were 10 mM and
10:1 1:DMPA, and 3 were 100 mM with 1:1 3:DMPA. We attribute these differences to the
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different susceptibilities of the fluorophores to the photogenerated radicals, although definite
determination will require further investigation. Independent control of each spot in a multiplexed
array also requires that an ink is completely removed from the droplet before a spot of the new ink
is printed. The volume required to pass through the microfluidics and replace completely the
previous ink solution before a new spot was printed (and thereby avoid cross-contamination) was

Figure 2.8. Immobilization rates of rhodamine and pyrene alkene.
determined by filling a syringe with a 0.25 mM solution of 1 (DMF:DMSO 75:25) and another
with only solvent (DMF:DMSO 75:25). Initially 30 µL/min of the solution of 1 and 270 µL/min
of the pure solvent were passed through the microfluidics and collected through the outflow tubing
of the droplet in one-minute aliquots to obtain initial concentration points. After 4 min, the
flowrates were switched, such that 270 µL/min of solution 1 and 30 µL/min of the solvent entered
the mixer. (Figure 2.9) Concentration of 1 was monitored by UV-Vis spectroscopy. The volume
of solution required to switch completely between the two solutions at 300 µL/min total flowrate
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was 1.5 ml, which was 3 times the volume of the total fluidic system from the entry of the mixer
to exiting the droplet.

Figure 2.9. Microfluidics.

The ability of this TBL-based printing system to produce multiplexed patterns is shown
with a series of prints that are each designed to demonstrate a different capability that arises from
coupling the microfluidics and the beam pen arrays. The first of these was a 3x3x3 dot pattern,
where each row was composed of dots of a different dye (Figures 2.10A, 2.11, and 2.12). To make
this pattern, we charged three syringes each with a solution (DMF:DMSO 75:25 v/v) of 1 (20 mM,
20:1 1:DMPA), 2 (50 mM, 1:1 2:DMPA), or 3 (200 mM, 2:1 3:DMPA) on the basis of the
optimized printing conditions for each alkene. The three syringes were connected to the mixer with
PEEK tubing. A beam pen array with 11.13 ± 4.03 mm aperture diameter was mounted onto the
z-piezo. We switched dyes by changing the flow rates of the different solutions entering the mixer
and waiting 5 min at 300 mL/min before printing dots of different colors. The dots of each ink
were printed under the conditions found to maximize NF (I = 20%, t = 20 min).
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Figure 2.10. Multiplexed Fluorescent Arrays.
After washing and sonicating, the surface was imaged with the three different fluorescent
channels (Figures 2.10B–2.10D), and the merging of images revealed the three-color multiplexed
pattern (Figure 2.10A). The average spot diameter was 10.1 ± 0.4 mm. In principle, this approach
could be easily extended to create patterns with spots composed of many more different inks in a
pattern, where the limitations are spot diameter, spot-to-spot pitch, and the number of entry points
in the microfluidic mixer, which can be redesigned to accommodate more ports. The next
demonstration involved creating combinatorial patterns, where two different alkenes were mixed
in the same spot (Figure 2.10E). A 3x3x3 dot pattern was printed such that the first row was made
with 1, the middle row was made with three different proportions of 1:2, and the third row was
made with only 2. We obtained the 3:1, 1:1, and 1:3 proportions of 1:2 in the second row by
adjusting the flow rate of the corresponding inks to the values 3.75:1.25, 2.5:2.5, and 1.25:3.75
mL/min, respectively.
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Figure 2.11. Multiplexed Arrays.
Before each spot was printed with a new proportion, 5 min of mixing at 300 mL/min total
flow rate was applied. The solutions prepared for this multiplexed combinatorial print were 5 mM
of 1 and 40 mM of 2 in DMF:DMSO 75:25 v/v and 1:1 DMPA. All dots were printed at I = 20%
and t = 15 min. The aperture size of the pen array was 2.26 ± 1.03 mm. The fluorescence
microscopy images obtained after the substrate was washed and sonicated show perfect
colocalization of the two fluorescent alkenes, in the desired proportions, with feature diameters of
3.2 ± 0.7 mm (Figure 2.13). Finally, we designed a pattern where three different inks were mixed
to form 13 different colors by adjusting the flow rates of three different inks (Figure 2.14). The
solutions prepared for this multiplexed combinatorial print were 10 mM of 1 (10:1 1:DMPA), 50
mM of 2 (1:1 2:DMPA), and 200 mM of 3 (2:1 3:DMPA) in DMF:DMSO 75:25 v/v. The
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Figure 2.12. Multiplexed array with reduced feature size.
conditions for the mixing step were 300 mL/min and 5 min. All dots were printed at I = 20% and
t = 15 min. The aperture size of the pen array was 11.13 ± 4.03 mm. Of the 13 intended spots, only
9 were observed. The absence of 4 of the 13 spots reflects the complexity of the surface chemistry
rather than idiosyncrasies of instrument design. We attribute this absence of spots primarily to two
different factors: (1) radical inhibition is produced when inks that require different photoinitiator
proportions are combined (as such, the inability to print certain spots reflects incompatible
chemistry), and (2) the different conditions required for the different molecules affect kinetics in
ways that remain poorly understood (Figure 2.8). Thus, this print demonstrates the complexity
that arises when organic surface chemistry and nanolithography are combined, as well as the ability
of this platform to reveal additional chemical complexity that is not otherwise apparent.
2.3 Conclusions
In conclusion, we have presented here a viable solution to the TBL multiplexing challenge.
By combining microfluidics, beam pen lithography, and surface organic chemistry, we have shown
that each tip can print patterns composed of multiple different inks with features as small as 2 µm.
Additionally, we have used this platform to study quantitatively surface chemistry under
continuous flow, an area of emerging interest in organic chemistry.41 An important note is that by
coupling a digital micromirror device into the optical path, the restriction of each tip printing the
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same pattern is removed,7 and, as such, the strategy presented here is an important step towards
creating patterns where each tip can print a completely unique pattern. Future work will focus upon
expanding the reactions used to immobilize inks, reducing feature diameters, and creating
functional biochips. Thus, this approach for combining organic surface chemistry and advanced
lithography will have significant impact on Omics research and other emerging scientific fields
that explore the interface of surfaces with organic materials.

Figure 2.13. Combinatorial multiplexed printing.

64

Figure 2.14. Multicolored print.
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Controlled-Height Brush Polymer Patterns via Surface-Initiated Thiol-Methacrylate
Photopolymerizations
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Controlled-Height Brush Polymer Patterns via Surface-Initiated Thiol-Methacrylate
Photopolymerizations

3.1 Introduction
Surface-initiated (SI) photoinduced radical polymerizations are attractive reactions for
functionalizing surfaces because they can be locally induced by modulating light delivery, and, as
a result enable spatial control over the height of grafted-from polymer features.1, 2 Increasingly, SIphotoinduced polymerizations are used to create responsive surfaces for chromatography,3 cell
adhesion,4 protein binding,5 and other applications. The selection of a polymerization for each
application is related to the monomer scope, solvent, and the compatibility of the reaction
conditions with the substrate. Radical polymerizations –

including nitroxide mediated

polymerization,6 atom transfer radical polymerization (ATRP)7,

8

and photoinduced electron

transfer-reversible addition-fragmentation chain transfer polymerization (PET-RAFT)9 – are
widely used for creating grafted-from brushes,10-12 but there is no single reaction that is ideal for
every application. As such, there still remains substantial value in developing new chemistries for
creating brush polymer patterns, which may diversify monomer scope, simplify reaction
implementation, or increase the pattern complexity.13 The thiol-(meth)acrylate polymerization
(TAP) has received significant interest for tissue engineering,14-17 creating peptide hydrogels,17
preparing glycan arrays,18 and to control cell-substrate interactions.15 The kinetics of the
photoinitiated TAP have been analyzed in solution by Cramer et al.19 who showed that in the photoTAP, polymers form through a mixed mode mechanism. First, a photoinitiator is radicalized upon
irradiation and transfers the radical to the thiol monomer. Second, step-growth propagation occurs
via a chain transfer step, where an acrylate monomer reacts with a thiyl radical, and a chain-growth
propagation between two acrylate monomers also occurs.15, 19, 20
Here we sought to evaluate the ability of TAP chemistry to create brush polymer patterns
with precise control over height at each pixel. In this SI-TAP, a photoinitiator is radicalized upon
irradiation and transfers the radical to a thiol that is immobilized onto the surface, which
subsequently reacts with acrylate or methacrylate monomers. In contrast to its solution counterpart,
71

Figure 3.1. DMD printer scheme.

the SI-TAP can only polymerize via chain-growth as there are no accessible thiol monomers in
solution for chain transfer. Previously, we carried out a preliminary study of the SI-TAP18 using
beam pen lithography to create polymer brushes and found that as the irradiation time increases,
the polymer height increases as well. Based on this observation, we decided herein to investigate
the kinetics of the SI-TAP more thoroughly to understand how reaction conditions could be used
to control brush height. These studies are enabled by a new photochemical printing system that
accelerates substantially the acquisition of kinetic data of SI photopolymerizations, so a wide scope
of reaction conditions could be investigated systematically.
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Figure 3.2. Optical microscopy of polymer brushes.
We recently reported a new strategy for studying the kinetics of photomediated surface
reactions, which we used to study kinetics of the SI-ATRP21 and for creating glycan microarrays.22
The printing system (Figure 3.1a) is built upon a TERA-Print E-Series instrument that combines
a light emitting diode (405 nm), a digital micromirror device (DMD), a piezoelectric stage, and a
computer (CPU) to spatiotemporally control delivery of light to a surface with ~5 μm feature edge
length. Onto the stage, we have mounted a custom-built air-free chamber, where a reactive
substrate is placed. To study the SI-TAP, thiol-terminated Si-wafers (500 nm oxide) were prepared
following a previously reported protocol. To print the polymer, the thiol-functionalized substrate
is moved to a glovebox under Ar-atmosphere and placed into the air-free cell. Subsequently, 20 μL
of

the

reactive

solution

(tert-butyl

methacrylate

(tBMA),

diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO), Tris[2-phenylpyridinato-C2, N]iridium(III) (Ir(ppy)3),
DMF) is deposited onto the thiol-terminated surface, and a glass cover slip is placed on the solution
to prevent the diffraction of light. The chamber is then sealed to maintain the O2-free environment
and mounted onto the DMD stage. To carry out each kinetic experiment, a pattern of 16 spots (15
x 15 μm each), with each spot representing a different illumination time (2 – 40 min), was printed,
and this pattern was repeated 192 times in the 4.4 mm x 3.3 mm printing area (Figure 3.2a). After
printing, the surfaces were rinsed with EtOH, then sonicated in DMF for 10 min to remove any
physisorbed polymer from the substrate. Polymer heights for each irradiation time were
determined with atomic force microscopy (AFM) (Figure 3.2b), and height values are reported as
the average of three measurements with error as one standard deviation. In addition, XPS
confirmed that the features were indeed composed of poly(tBMA).
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Figure 3.3. Thiol-acrylate polymer brush growth trends.
3.2 Results and Discussion
Here we exploit the high-throughput kinetic studies enabled by this printing platform to
investigate in detail the effects of the photocatalysts [TPO], [Ir(ppy)3], and light intensity on feature
height (Figure 3.3). To isolate and quantify these effects, a series of prints were carried out where
only a single parameter was varied in each. Initially, we investigated the effect of light intensity
on growth kinetics by varying the intensity from 0 to 1190 µW/cm2, while other printing
parameters were held constant. At 0 µW/cm2, no patterns were observed. At 130 µW/cm2, the
feature height increased linearly as illumination time increases (R2 = 0.97), with feature heights
reaching 6.1 ± 0.1 nm, and this same trend is observed at 480 µW/cm2. At 852 µW/cm2, feature
height increases linearly to a maximum value of 16.8 ± 2.1 nm at 30 min, until feature growth
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varying

light

intensity.

Figure 3.5. AFM analysis of polymer brushes varying [TPO].
stops. Light intensities above 852 µW/cm2 are not included because at 1190 µW/cm2 (the next
highest intensity for the LED) the polymer features hollow, such that the areas in the center had a
lower height than the edges (Figure 3.4). This hollowing is attributed to a high, inhibitory radical
concentration at the center of the features, where the light intensity is the highest. For the four
intensities where the height was uniform across the features, growth rate (k) increased with
increasing (Figure 3.3b) (R2 = 0.96).
The role of TPO on the growth rate was studied by varying concentration from 0 to 200
µM (Figure 3.3c). In the absence of TPO, no polymer features were obtained. At TPO
concentrations of 30 µM, 50 µM, 80 µM, and 100 µM, the feature heights increase linearly as
illumination time increases, then the growth slows at longer times (>30 min). The linear portion
Table 3.1 Experimental conditions and their k values.
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of the growth fits well to a zero order kinetic (R2 = 0.86 – 0.99). At [TPO] =110 µM, the features
begin to hollow, and they are completely hollow (no growth whatsoever in the center) at 200 µM
(Figure 3.5). In the regime where feature heights are uniform, i.e. [TPO] of 30 to 100 µM, k
increases linearly with increasing [TPO] (Figure 3.3d) (R2= 0.96). Finally, the concentration of
the Ir(ppy)3 was varied from 0 to 670 µM (Figure 3.3e) (R2 = 0.92 – 0.98). No polymer features
were obtained in the absence of Ir(ppy)3. In all these prints, the feature height increases linearly
until the growth stops, which is observed other cases of grafted-from polymerizations, although
the cause is not always well-understood. 23, 24 The linear portion of the growth fits well with a zero
order kinetic model, with features as high as 24.9 ± 1.5 nm, and linearly increasing k values with
increasing [Ir(ppy)3] (Figure 3.3f) (R2 = 0.99). All k values are reported in Table 3.1 in units of
nm/s. An experiment to explore the ability of the features to continue growing as light is turned on
and off was performed. Our printing system is ideal for examining this intermittent growth because
all the features in this experiment are produced within the same pattern. This reduces the time
required to carry out the experiments, and mitigates the undesired batch-to-batch variation that
occurs when each time point requires a different surface. To study controlled growth, in certain
features, the LED is switched on for 10 min, then turned off for 5 min, and this on/off cycle was
repeated two times. AFM analysis (Figure 3.6) confirmed the feature growth stopped when the
light was turned off, but growth resumed when the light was turned back on. In addition, the growth
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Figure 3.6. Living polymerization.
rate matches with the values obtained when the polymers were grown under constant illumination
(Figure 3.7). This observed intermittent growth could be explained via either an increase in
grafting density with increasing time or an unaccounted for mechanistic pathway that results in
“controlled” growth under these printing conditions. Further experiments that are beyond the scope
of this communication are necessary to rationalize these data.
Finally, we show how the new printer and this versatile chemistry can be combined to make
complex patterns over large (>1 cm2) areas, where the presence of polymer brushes and their
heights can be controlled precisely in each 4.3 x 4.3 μm2 pixel. To make such a pattern, a
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photographic image was used as the template (Figure 3.8A). To create this pattern, the original
image is converted into a 1024 x 768 pixel binary image, so each pixel can be mapped onto a single
mirror of the DMD. Four thresholds were applied to the image to obtain four individual binary
images corresponding to illumination times of 5, 18, 28, and 40 min (Figure 3.8E-H). The images
are then uploaded to the TeraPrint instrument, which sequentially irradiates the surface with the
four images, to create pixels of the shortest and tallest features, respectively. The successful image
transfer was confirmed by optical microscopy (Figure 3.8B-C) and AFM (Figure 3.8D), and these
data showed that the different optical densities corresponded to features of different heights. This
image also illustrates another advantage of this printer: making this pattern does not require
photomasks or other microfabrication methods, simplifying substantially the patterning process.
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Figure 3.8. Pattern of ASRC.
3.3 Conclusions
In conclusion, we have studied how solution conditions affect feature growth rate in the
photomediated SI-TAP. The study was enabled by a new printer that combines an air-free chamber,
functionalized substrates, a solution-cell, and a DMD to create brush polymer patterns, where the
feature height at each pixel can be independently controlled. As a result, we reported how nearly
200 different reaction conditions affected feature growth rate of a grafted-from polymerization
process. This detailed study of the polymerization lead to several interesting and unexpected
observations that might have otherwise been overlooked. These include the hollowing of features
with increasing [TPO], the need for both photomediation in the reaction mixture, termination of
growth after 30 min, and the intermittent growth of the features in the On/Off experiment. Several
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things are, however, clear from this study: (1) the photomediated SI-TAP can provide polymer
brush patterns with excellent control over height at each pixel, (2) this printing platform accelerates
substantially the study of polymer brush photochemistry, and (3) further studies are necessary to
understand the mechanism, monomer scope, limitations, and potential applications of SI-TAP
photochemistry.
3.4 References
1.

Pester, C. W.; Narupai, B.; Mattson, K. M.; Bothman, D. P.; Klinger, D.; Lee, K. W.;

Discekici, E. H.; Hawker, C. J., Engineering Surfaces through Sequential Stop-Flow
Photopatterning. Advanced Materials 2016, 28, 9292-9300.
2.

Zoppe, J. O.; Ataman, N. C.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H.-A., Surface-

Initiated Controlled Radical Polymerization: State-of-the-Art, Opportunities, and Challenges in
Surface and Interface Engineering with Polymer Brushes. Chemical Reviews 2017, 117, 11051318.
3.

Kanazawa, H.; Yamamoto, K.; Matsushima, Y.; Takai, N.; Kikuchi, A.; Sakurai, Y.;

Okano, T., Temperature-Responsive Chromatography Using Poly(N-isopropylacrylamide)Modified Silica. Analytical Chemistry 1996, 68, 100-105.
4.

Matsuda, T.; Ohya, S., Photoiniferter-Based Thermoresponsive Graft Architecture with

Albumin Covalently Fixed at Growing Graft Chain End. Langmuir 2005, 21, 9660-9665.
5.

Sebra, R. P.; Masters, K. S.; Bowman, C. N.; Anseth, K. S., Surface Grafted

Antibodies: Controlled Architecture Permits Enhanced Antigen Detection. Langmuir 2005, 21,
10907-10911.
6.

Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B., Nitroxide-

mediated polymerization. Progress in Polymer Science 2013, 38, 63-235.
7.

Wang, J.-S.; Matyjaszewski, K., Controlled/"living" radical polymerization. atom transfer

radical polymerization in the presence of transition-metal complexes. Journal of the American
Chemical Society 1995, 117, 5614-5615.
8.

Page, Z. A.; Narupai, B.; Pester, C. W.; Bou Zerdan, R.; Sokolov, A.; Laitar, D. S.;

Mukhopadhyay, S.; Sprague, S.; McGrath, A. J.; Kramer, J. W.; Trefonas, P.; Hawker, C. J.,

81

Novel Strategy for Photopatterning Emissive Polymer Brushes for Organic Light Emitting Diode
Applications. ACS Central Science 2017, 3, 654-661.
9.

Theriot, J. C.; Miyake, G. M.; Boyer, C. A., N,N-Diaryl Dihydrophenazines as

Photoredox Catalysts for PET-RAFT and Sequential PET-RAFT/O-ATRP. ACS Macro Letters
2018, 7, 662-666.
10.

Li, M.; Fromel, M.; Ranaweera, D.; Rocha, S.; Boyer, C.; Pester, C. W., SI-PET-

RAFT: Surface-Initiated Photoinduced Electron Transfer-Reversible Addition–Fragmentation
Chain Transfer Polymerization. ACS Macro Letters 2019, 8, 374-380.
11.

Sumerlin, B. S.; Neugebauer, D.; Matyjaszewski, K., Initiation Efficiency in the

Synthesis of Molecular Brushes by Grafting from via Atom Transfer Radical Polymerization.
Macromolecules 2005, 38, 702-708.
12.

Poelma, J. E.; Fors, B. P.; Meyers, G. F.; Kramer, J. W.; Hawker, C. J., Fabrication of

Complex Three-Dimensional Polymer Brush Nanostructures through Light-Mediated Living
Radical Polymerization. Angewandte Chemie International Edition 2013, 52, 6844-6848.
13.

Li, B.; Yu, B.; Ye, Q.; Zhou, F., Tapping the Potential of Polymer Brushes through

Synthesis. Accounts of Chemical Research 2015, 48, 229-237.
14.

Rydholm, A. E.; Bowman, C. N.; Anseth, K. S., Degradable thiol-acrylate

photopolymers: polymerization and degradation behavior of an in situ forming biomaterial.
Biomaterials 2005, 26, 4495-4506.
15.

Rydholm, A. E.; Held, N. L.; Benoit, D. S. W.; Bowman, C. N.; Anseth, K. S.,

Modifying network chemistry in thiol-acrylate photopolymers through postpolymerization
functionalization to control cell-material interactions. Journal of Biomedical Materials Research
Part A 2008, 86A, 23-30.
16.

Rydholm, A. E.; Reddy, S. K.; Anseth, K. S.; Bowman, C. N., Controlling Network

Structure in Degradable Thiol−Acrylate Biomaterials to Tune Mass Loss Behavior.
Biomacromolecules 2006, 7, 2827-2836.
17.

Salinas, C. N.; Anseth, K. S., Mixed Mode Thiol−Acrylate Photopolymerizations for the

Synthesis of PEG−Peptide Hydrogels. Macromolecules 2008, 41, 6019-6026.
18.

Bian, S.; Zieba, S. B.; Morris, W.; Han, X.; Richter, D. C.; Brown, K. A.; Mirkin, C.

A.; Braunschweig, A. B., Beam pen lithography as a new tool for spatially controlled

82

photochemistry, and its utilization in the synthesis of multivalent glycan arrays. Chemical
Science 2014, 5, 2023-2030.
19.

Cramer, N. B.; Bowman, C. N., Kinetics of thiol–ene and thiol–acrylate

photopolymerizations with real-time fourier transform infrared. Journal of Polymer Science Part
A: Polymer Chemistry 2001, 39, 3311-3319.
20.

Sahin, M.; Ayalur-Karunakaran, S.; Manhart, J.; Wolfahrt, M.; Kern, W.; Schlögl, S.,

Thiol-Ene versus Binary Thiol–Acrylate Chemistry: Material Properties and Network
Characteristics of Photopolymers Advanced Engineering Materials 2017, 19, 1600620.
21.

Carbonell, C.; Valles, D.; Wong, A. M.; Carlini, A. S.; Touve, M. A.; Korpanty, J.;

Gianneschi, N. C.; Braunschweig, A. B., Polymer brush hypersurface photolithography. Nature
Communications 2020, 11, 1244.
22.

Valles, D. J.; Naeem, Y.; Carbonell, C.; Wong, A. M.; Mootoo, D. R.; Braunschweig,

A. B., Maskless Photochemical Printing of Multiplexed Glycan Microarrays for HighThroughput Binding Studies. ACS Biomaterials Science & Engineering 2019, 5, 3131-3138.
23.

Choi, J.; Schattling, P.; Jochum, F. D.; Pyun, J.; Char, K.; Theato, P., Functionalization

and patterning of reactive polymer brushes based on surface reversible addition and
fragmentation chain transfer polymerization. Journal of Polymer Science Part A: Polymer
Chemistry 2012, 50, 4010-4018.
24.

Fors, B. P.; Hawker, C. J., Control of a Living Radical Polymerization of Methacrylates

by Light. Angewandte Chemie International Edition 2012, 51, 8850-8853.

83

Polymer Brush Hypersurface Photolithography
Chapter 4:
Contents from this chapter are adapted from the published paper: “Polymer Brush
Hypersurface Photolithography”
Carlos Carbonell, Daniel J. Valles, Alexa M. Wong, Andrea S. Carlini, Mollie A. Touve,
Joanna Korpanty, Nathan C. Gianneschi, and Adam B. Braunschweig, Nature
Communications, 2020, 11, 1244.

84

Polymer Brush Hypersurface Photolithography
4.1 Introduction
Controlling the morphology and chemical composition of interfaces with micrometer-scale
precision is a key challenge in surface chemistry, with repercussions from biology to optics and
material science. Polymer brushes,1-3 and particularly polymer brush patterns with micrometerscale features, are increasingly explored in the context of microarrays,4-6 smart surfaces,7-9 and
tissue engineering10-13 because their interfacial properties can be manipulated by tailoring the
degree of polymerization, the monomer composition, and the grafting density of the polymer
brushes. Of the many grafted-from polymerization reactions,14-16 living polymerizations are ideal
for patterning because the degree of polymerization is dependent upon reaction time, which affords
precise control over polymer height and block length.17-20 Several challenges, however, have
precluded the realization of the full potential of polymer brush patterning technologies. Typically,
polymer brush coatings are composed of identical polymers uniformly distributed across the
surface because no available printing tool is capable of controlling simultaneously polymer height
and polymer composition at each position, while producing features with micrometer-scale
dimensions. Also because the brushes on a surface are generally grown under identical conditions,
a new surface must be prepared and characterized to determine the properties arising from each
new set of reaction conditions.21-24 This makes optimization of grafted-from reactions and
developing structure-activity relationships time-consuming and costly. Therefore, there is a
pressing need to develop printing platforms that (1) combine the feature resolution of modern
lithography strategies with the ability to spatiotemporally localize a stimulus (e.g. light or heat)
that induces the polymerization reaction, (2) can accommodate the demanding reaction conditions
required to carry out advanced polymerization chemistries (e.g. in solution and O2 and H2O free),
and (3) have the capability to independently vary the monomer composition of each pixel across
the surface and along each polymer chain.
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Various lithographic approaches are being explored currently in an effort to create polymer
brush patterns with micrometer-scale feature dimensions and vary the composition of polymer
brushes across the surface. For example, microcontact printing has been used to pattern selfassembled monolayers (SAMs) of initiators, and polymer brushes of uniform height and identical
composition were grown upon immersing the substrate in monomer solution.25-27 An alternative
approach involves uniformly functionalizing the surface with the initiators and subsequently
irradiating through a photomask in the presence of the monomer solution to create a pattern.23 This
strategy can create gradients, which are important for tissue engineering28, 29 or to study cell
adhesion and migration,30-32 but patterns containing multiple different polymers are printed with
difficulty because photolithography generates one pattern per photomask, and serially aligning
photomasks is tedious. Hawker et al. for instance have recently prepared patterns with 4 different
polymer brush compositions following a multistep process consisting of creating a polymer brush
coating, modifying it through a photomask using click chemistry, and repeating this process
several times to create patterns composed of up to four different polymer brush compositions.33
Scanning probe lithographies34, 35 have successfully produced polymer brush patterns by using the
tip to deposit the initiator,36 or creating a pattern with a resist, where, following resist development,
the initiator is subsequently deposited.37 Features as small as 25 nm are obtained, however, these
methods uniformly irradiate the surface, so the resulting polymers are identical across the
substrate. Electron-beam lithography have been successfully used for direct writing of polymer
brushes with 20 nm feature dimensions.38 Other strategies, such as self-assembly driven growth of
high-density polymer brush nanoarrays can reach feature sizes as small as 15 nm.39 Using
massively parallel beam-pen arrays, a monomer mixture was deposited onto a surface.
Subsequently irradiating the droplets produced glycopolymer arrays, where the polymer height in
each position could be varied by manipulating the irradiation time, but each polymer was
composed of the same monomer.40 In an effort to create multiplexed polymer brush patterns using
scanning probe technologies, we recently integrated microfluidics with beam pen lithography, but
could only print a pattern composed of two different polymer compositions.41 While each of these
efforts is a milestone in polymer brush patterning, the goal of independently controlling height,
composition, and feature dimensions for each pixel across the entire pattern, with micrometer
resolution, and over a large (>1 mm2) area has remained elusive.
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Figure 4.1. Photochemical printer.

Here we report an approach towards printing combinatorial grafted-from polymer brush
patterns, where the monomer composition and feature height of each pixel in a pattern can be
controlled independently and with ~5 micrometer pixel edge-length, while circumventing the need
for expensive photomasks. We refer to these patterns as hypersurfaces – borrowing from its
mathematical namesake to indicate a pattern where more than three properties of each pixel can
be controlled independently (i.e. x- and y-position, height, and chemical composition along the
chain). In addition, we use this terminology because 4D printing has been adopted already to
indicate additive manufacturing of objects whose shapes change over time in response to an
external stimulus.42 To create these hypersurfaces, we integrated a digital micromirror device
(DMD), microfluidics, and an oxygen-free reaction chamber that was mounted onto a piezoelectric
stage (Figure 4.1). DMD based printers have been combined already with microfluidics for
oligonucleotide43 and oligopeptide44 microarray fabrication, and to prepare scaffolds for tissue
engineering.45-47 Our printer was built upon a TERA-Print E-series instrument, which coordinates
the DMD (1024 x 768 independently controllable mirrors), light source (405 nm LED, 32 mW
cm‒2), and the piezoelectric stage with a CPU interface to project patterns taken from an uploaded
image file onto a substrate. The inert atmosphere chamber is composed of a hermetically sealed
polystyrene cell, with a glass window for passing light from the DMD to the surface, inlet and
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outlet apertures for tubing that introduces the monomer solutions to the reactive substrate. An
additional glass plate over the functionalized substrate forms a ~50 µL reaction cell, where the
solutions are drawn over the surface by capillary forces.48 Reactive solutions composed of
monomers, solvent, and photosensitizer are introduced and withdrawn using syringe pumps that
control flowrate within the reaction cell. A microfluidic chaotic mixer can be incorporated
upstream to mix different proportions of components.48
4.2 Results and Discussion
4.2.1 Optimization of surface-initiated ATRP printing
We first sought to demonstrate the ability to generate polymer brush patterns with independent
control over height at each pixel using photoinduced surface-initiated atom-transfer radical
polymerization (SI-ATRP). This reaction was selected for these proof-of-concept studies because
of its broad monomer scope and narrow molecular weight distribution49, and, because of these
advantageous attributes, it is increasingly used to generate grafted-from polymer coatings and
patterns. Typically, to study the kinetics of a grafted-from polymerization, each data point requires
printing and analyzing a separate surface, which is time-consuming and subject to substantial
experiment-to-experiment variation.23,
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Here we study multiple different polymerization

conditions in a single print to rapidly determine the relationship between irradiation time (t) and
polymer height (h). First, the reactive substrate was prepared by immersing a freshly cleaned
Si/SiOx wafer in an aminopropyltriethoxysilane solution to generate amine-functionalized wafers
that were subsequently reacted with α-bromoisobutyryl bromide overnight to create a surface
uniformly coated with the SI-ATRP initiator (Figure 4.2). Each step in this process was
characterized by X-ray photoelectron spectroscopy and contact angle measurements, and the data
were consistent with the proposed surface reactions (Figure 4.3). The substrate was introduced
into the inert chamber inside a glove box, where the solutions are prepared with distilled DMF and
degassed monomers. Approximately 50 µL of a DMF solution containing methyl methacrylate
(MMA), Fluorescein O-methacrylate (FMA), and Ir(ppy)3 was deposited onto the surface and a
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Figure 4.2. Surface functionalization.

Figure 4.3. Contact angle and XPS measurements of functionalized substrates. cover glass
was placed over the droplet. The chamber was then sealed, removed from the glovebox, and
mounted onto the piezostage of the printer. FMA was added to MMA in a molar ratio 1:300 so
that the patterns could be analyzed via fluorescence microscopy. A pattern of 15 features, irradiated
at times ranging from 2 ‒ 22 min, repeated 121 times across the 4.4 x 3.3 mm printing area, was
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sequentially projected onto the surface with the DMD. Following printing, the surfaces were
washed with EtOH and sonicated for 5 min in DMF to remove any polymer that was not grafted
to the surface, and the resulting polymer brush patterns were analyzed by fluorescence microscopy
and atomic force microscopy (AFM) (Figure 4.4). Both h and normalized florescence (NF =
feature fluorescence / background fluorescence) increase with increasing t. The feature h varied
from 2.8 ± 0.4 nm to 10.7 ± 0.6 nm for 2 min and 22 min, respectively. The NF ranges from 2.2 ±
0.2 to 6.3 ± 0.4. The linear evolution of the polymer brush height with time is consistent with the
kinetics measured in other studies of surface initiated ATRP polymerizations.23, 51 Interestingly
NF shows a logarithmic evolution, which may be the result of increasing adsorption of emitted
light as the polymers grow (Figure 4.4c). The printing was repeated under continuous flow at 5
µL/min to determine how flow affected printing, using the microfluidics to control the flowrate
across the substrate, and these prints behave in a similar way.
To confirm whether these features were the result of PMMA polymerization, substrates
prepared under the same conditions were analyzed with XPS (Figure 4.5). In addition, both
unbound and surface-bound polymers were characterized by matrix-assisted laser desorption
ionization imaging mass spectrometry (MALDI-IMS). First, unbound polymer was generated in
the photochemical printer with irradiation times of 1, 2, 5, 10, and 40 min, then analyzed by
MALDI-IMS to determine mass distributions and peak spacings (Figure 4.6). A non-Gaussian
distribution of peaks with spacings of 100 Da was observed, corresponding to the methyl
methacrylate monomer mass. Unfortunately, the non-Gaussian distribution, most likely a result of
fragmentation of PMMA by MALDI-MS,52 prevented the quantification of polymer molecular
weight distribution and dispersity. However, overall increases in signal intensity were observed
for polymers generated under longer irradiation time (e.g., 10 vs. 40 min) up to the measured range
of 20,000 Da, suggesting that higher molecular weight polymers were generated with longer
irradiation and fragmenting during MALDI analysis. Next, patterned substrates with polymer
covalently bound to the surface were analyzed (Figure 4.7b). Similar to the studies with the
unbound PMMA polymer, uniform peak spacings were observed with a non-Gaussian distribution.
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Figure 4.4. Control over height and position.
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Figure 4.5. XPS analysis of polymer-coated surface.

We note that the peak spacings observed for the patterned substrate were 107 Da. It is currently
unclear as to why the spacings of the polymer units are increased, but because the spectral peaks
themselves are also broader, we believe these observations may be a result of a difference in
ionization of the covalently-bound polymer by the MALDI instrument, in comparison to the
unbound polymer, despite identical sample preparation and ionizing conditions. Definitive
polymer signal was detected at irradiation times as low as one minute, with increasing mass signal
intensity over time. This is consistent with changes in height measured by AFM and fluorescence
signal intensity changes over time (Figure 4.4c). Overall, MALDI-IMS definitively identified
polymer generated within our photochemical printer, whether the polymer was unbound or
covalently bound to a substrate surface.
A major challenge in polymer brush lithography is creating gradients, where brush density
or brush height is varied across the surface. Here, we show how the kinetic data described above
is used to create such a gradient pattern, where the h at each pixel was controlled independently
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Figure 4.6. MALDI-IMS of PMMA constructs.
by printing an image of the Statue of Liberty. To do so we chose a black and white picture of the
Statue of Liberty (Figure 4.4A) that was converted to a 1074 x 768 bitmap image, so each DMD
mirror projects a single pixel with a corresponding width of 4.3 μm. The image was then inverted
(Figure 4.4bB and converted to 5 levels of grey (Figure 4.4C), and finally, 5 black and white
images based upon 5 threshold levels (Figure 4.4D) were created. Each black pixel of each image
is translated by the instrument into one mirror projecting light to the surface. To create the images,
we start with all the black pixels ON at t0 = 0 (Figure 4.4E), and we sequentially turn mirrors OFF
to obtain polymers of different heights at the desired positions. Finally, all mirrors are turned OFF
at t5. The last mirrors turning OFF, in t5, are the ones that have been ON during all the process and
for a total time of t5, which corresponds to the longest exposure time (i.e. longest polymers). Using
the kinetic fit obtained in Figure 4.4C, we calculated the exposure times (t0=0; t1=1.37; t2=3.17;
t3=5.55; t4=9.70; t5=16.97 min) required at each pixel for obtaining the selected NF values (1.5, 3,
4, 5, and 6). We then sequentially printed the series of 5 images to produce a pattern, where the
last image corresponds to the higher/brighter layer. Figure 4.4F shows a composite of 9
fluorescence microscopy images of the polymer brush pattern obtained after rinsing the substrate
with EtOH and sonicating in DMF for 10 minutes. AFM measurements of the marked areas in
Figure 4.4F (Figures 4.4G and 4.4H) confirm that the different NF intensities correspond to
polymer brushes of different h. The smallest isolated pixel size obtained, however, is 10 μm as a

93

result of light dispersion, although with larger feature dimensions, light dispersion is not an issue
as 100 mirrors project a pattern of 430 μm.
4.2.2 Grafted-from polymer brush hypersurfaces
Another major challenge we overcome with this platform is the ability to simultaneously
control both h and monomer composition at each pixel. That is, create hypersurfaces with
potentially thousands of different polymer brushes in the array. Such patterns could be important
for applications ranging from microarrays to modeling and understanding interactions of polymers
with cells, bacteria, and viruses.
We produced a multicomponent pattern by sequentially introducing three differently
colored fluorescent monomer solutions into the reaction cell. This required first calibrating printing
conditions for copolymers containing red (methacryloxyethyl thiocarbamoyl rhodamine B
(RMA)) and blue ((Trifluoromethyl)coumarin]methacrylamide (CMA)). First, the relationship
between NF and t was studied for CMA and RMA mixtures at 223:1 and 5000:1 molar ratios to
MMA, respectively, following the same protocol as described above. The NFmax values were 6.5
± 0.6 for RMA and 1.12 ± 0.02 for CMA (Figure 4.7). The low NF observed on the CMA-based
brushes is likely because of the lower incorporation of CMA into the pMMA brush because of the
slower polymerization of acrylates compared to methacrylates in free radical polymerizations.53
To create the multicolor pattern, a painting of Barcelona was decomposed into three channels (red,
green and blue, Figure 4.8), each of which was subsequently assigned to a monomer (RMA:MMA,
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Figure 4.7. RMA and CMA optimization.

FMA:MMA, CMA:MMA mixtures). These three images were then processed following the same
procedure described for the printing of the Statue of Liberty, but with four threshold levels per
channel (Figure 4.9). Three DMF solutions containing FMA, RMA, and CMA were prepared and
sequentially flowed at 5 µL/min over the substrate, while each solution was exposed to the
corresponding pattern, followed by 5 minutes of rinsing at 100 µL/min upon changing solutions.
Figure 4.10 shows a composite of 75 fluorescent microscopy images of the pattern (25 images per
channel, see Figure 4.11). The processing of the merged images is explained in Figure 4.12. This
print demonstrates that, in principle, an unlimited number of monomer compositions and mixtures
can be sequentially introduced onto the printing platform to control the polymer composition and
h at each pixel, thereby overcoming a major limitation in polymer brush lithography.
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Figure 4.8. Barcelona.
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Figure 4.9. Barcelona thresholding.
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Figure 4.10. Multicomponent polymer brush patterns.

Figure 4.11. Fluorescent images used for Figure 4.10.
The filter set for visualizing blue emitting fluorophore contains a long pass filter allowing
the wavelengths >440 nm to pass through (Figure 4.12A). RMA and FMA fluorophores both
present certain absorption in the excitation range of the filter set (330 – 385 nm) and both also emit
in the range of the mentioned long pass filter, so all three fluorophores are visualized when using
the blue filter set (Figure 4.12B). To show the emission generated by the CMA polymer, we
distinguished the emission corresponding to FMA. As we can see from the b/w images used to
indicate the DMD mirrors (Figure 4.12C-E) there are almost no overlapping involving red.
However, mirrors used to print blue and green polymers share most of the printed areas (Figure
4.12D-E). We took the b/w image of the highest threshold used to print blue, and subtracted the
b/w image of the highest threshold used to print green. Those b/w images correspond to the mirrors
that have been on at any moment to print each specified color. Therefore, the result of the
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subtraction correspond to the mirrors that only have been used to print blue (Figure 4.12F), and
this image was used to show the blue regions of the blue composed image (Figure 4.12G).

Figure 4.12. Fluorescence analysis for preparation of Figure 4.10.
4.2.3 Block copolymer hypersurfaces
Multiplexed block copolymer patterns were printed, where the monomer composition at
each x and y coordinate, as well as along the chain, was independently controlled, a challenge for
which there exists no solution amongst micro- and nanolithography methods. In this pattern, each
pixel contained brushes composed of either poly(ethylene glycol dimethacrylate) (pEGDMA),
poly(tert-butyl methacrylate) (ptBMA), or block copolymers of the two. The blocks are printed by
sequential introduction of the monomer solutions into the reaction cell, and the h of each block is
a function of the t. In the first of these patterns, EGDMA and tBMA doped with FMA (300:1) and
RMA (6000:1), respectively, were printed into homopolymer and block copolymer brushes that
could be analyzed by fluorescence microscopy. The pattern consisted of 4 rows in which first and
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third rows (from top to bottom) were printed forming 9 features at 9 different t (2 − 25 min). The
second and fourth rows were printed to form a continuous feature at 18 different t (2 − 25 min)
(Figure 4.13A). Then, p(tBMA-co-RMA) was printed partially overlapped with the p(EGDMAco-FMA) pattern (Figure 4.13B). The composite fluorescence microscopy image (Figure 4.13C)
shows 18 different proportions of p(EGDMA-co-FMA)-block-p(tBMA-co-RMA) in rows 1 and 3
and two different gradients in rows 2 and 4. The colocalization of the two dyes is evidence of block
copolymer formation.
Another pattern was printed for analysis by AFM, where the changes in h confirmed the
formation of block copolymer brushes. To this end, 432 repeats of a 3 x 3 pattern composed of
rows of p(tBMA), p(EGDMA), and p(tBMA)-block-p(EGDMA) were printed (Figure 4.13). First,
in the top and middle rows of this pattern, features of p(tBMA) were grown with t of 5, 10, and 20
min. Then, the reaction cell was rinsed with an EGDMA solution in DMF at 100 µL/min for 2
minutes. The EGDMA was then patterned at same t in the middle and bottom rows, where in the
middle row the p(tBMA) blocks grow from the living p(EGMA) block. Figure 4.13D shows AFM
analysis of one of these 3 x 3 patterns. In the top and bottom row, which are the p(tBMA) and
p(EGDMA) homopolymers, respectively, h increases with increasing t. The middle row, where
the blocks were grown on top of each other, h is greater than either the top or bottom row,
indicating that the chain ends remain living, and that the polymers continue to grow upon the
introduction of the tBMA.
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Figure 4.13. Block copolymer arrays. Conclusions
We have developed a platform for the photochemical patterning of block copolymer arrays,
where the position and composition of each of the >750,000 pixels can be independently
controlled, and with micrometer-scale feature resolution. Because the surface is irradiated by a
computer-modulated DMD, arbitrary patterns can be printed without necessitating an expensive
series of photomasks. The integration of microfluidics and an air-free reaction chamber with the
DMD is the key innovation that allows the spatiotemporally-controlled grafting of different
materials onto the substrate, and could, in principle, be used to make polymer patterns composed
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of a practically unlimited number of unique brush compositions. Although living SI-ATRP offers
broad monomer scope and narrow molecular weight distribution, it is also challenging since it
requires oxygen free conditions, but the environmental control enabled by the air-free reaction cell
means that this platform is compatible with even the most demanding photochemical reactions.
We also demonstrate the ability to quantify polymer brush kinetics in a single print, and have
printed random- and block-copolymer microarrays, where in the latter, monomer composition
along the chain was carefully regulated. While the SI-ATRP polymerization was studied here, this
printer is a general tool for combinatorial surface photochemistry, and the facility with which
hundreds or even thousands of different reactions conditions can be attempted in each print
promises to rapidly accelerate progress in research disciplines where interfacial organic
composition has a critical role. In the future we will explore different chemistries, automate the
microfluidics to coordinate them with the DMD, and integrate of beam-pen arrays54 to improve
throughput, resolution, and versatility. Ultimately, we envision a new era of soft lithography where
the fabrication of synthetic surfaces with complexity comparable to what is found in biological
interfaces will soon become a reality.
4.4 Reference
1.

Klein, J.; Kumacheva, E.; Mahalu, D.; Perahia, D.; Fetters, L. J., Reduction of frictional

forces between solid surfaces bearing polymer brushes. Nature 1994, 370, 634-636.
2.

Wei, Q.; Becherer, T.; Angioletti-Uberti, S.; Dzubiella, J.; Wischke, C.; Neffe, A. T.;

Lendlein, A.; Ballauff, M.; Haag, R., Protein Interactions with Polymer Coatings and
Biomaterials. Angewandte Chemie International Edition 2014, 53, 8004-8031.
3.

Zhai, L., Stimuli-responsive polymer films. Chemical Society Reviews 2013, 42, 7148-

7160.
4.

Hucknall, A.; Kim, D.-H.; Rangarajan, S.; Hill, R. T.; Reichert, W. M.; Chilkoti, A.,

Simple Fabrication of Antibody Microarrays on Nonfouling Polymer Brushes with Femtomolar
Sensitivity for Protein Analytes in Serum and Blood. Advanced Materials 2009, 21, 1968-1971.
5.

Barbey, R.; Kauffmann, E.; Ehrat, M.; Klok, H.-A., Protein Microarrays Based on

Polymer Brushes Prepared via Surface-Initiated Atom Transfer Radical Polymerization.
Biomacromolecules 2010, 11, 3467-3479.

102

6.

Godula, K.; Bertozzi, C. R., Density Variant Glycan Microarray for Evaluating Cross-

Linking of Mucin-like Glycoconjugates by Lectins. Journal of the American Chemical Society
2012, 134, 15732-15742.
7.

Luzinov, I.; Minko, S.; Tsukruk, V. V., Adaptive and responsive surfaces through

controlled reorganization of interfacial polymer layers. Progress in Polymer Science 2004, 29,
635-698.
8.

Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Muller, M.; Ober, C.; Stamm, M.;

Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban, M.; Winnik, F.; Zauscher, S.;
Luzinov, I.; Minko, S., Emerging applications of stimuli-responsive polymer materials. Nat.
Mater. 2010, 9, 101-113.
9.

Leslie, D. C.; Waterhouse, A.; Berthet, J. B.; Valentin, T. M.; Watters, A. L.; Jain, A.;

Kim, P.; Hatton, B. D.; Nedder, A.; Donovan, K.; Super, E. H.; Howell, C.; Johnson, C. P.;
Vu, T. L.; Bolgen, D. E.; Rifai, S.; Hansen, A. R.; Aizenberg, M.; Super, M.; Aizenberg, J.;
Ingber, D. E., A bioinspired omniphobic surface coating on medical devices prevents thrombosis
and biofouling. Nature Biotechnology 2014, 32, 1134-1140.
10.

Anseth, K. S.; Metters, A. T.; Bryant, S. J.; Martens, P. J.; Elisseeff, J. H.; Bowman, C.

N., In situ forming degradable networks and their application in tissue engineering and drug
delivery. Journal of Controlled Release 2002, 78, 199-209.
11.

Khademhosseini, A.; Langer, R.; Borenstein, J.; Vacanti, J. P., Microscale technologies

for tissue engineering and biology. Proceedings of the National Academy of Sciences of the
United States of America 2006, 103, 2480-2487.
12.

Krishnamoorthy, M.; Hakobyan, S.; Ramstedt, M.; Gautrot, J. E., Surface-Initiated

Polymer Brushes in the Biomedical Field: Applications in Membrane Science, Biosensing, Cell
Culture, Regenerative Medicine and Antibacterial Coatings. Chemical Reviews 2014, 114,
10976-11026.
13.

Gunnewiek, M. K.; Di Luca, A.; Bollemaat, H. Z.; van Blitterswijk, C. A.; Vancso, G.

J.; Moroni, L.; Benetti, E. M., Creeping Proteins in Microporous Structures: Polymer BrushAssisted Fabrication of 3D Gradients for Tissue Engineering. Advanced Healthcare Materials
2015, 4, 1169-1174.
14.

Zhao, B.; Brittain, W. J., Polymer brushes: surface-immobilized macromolecules.

Progress in Polymer Science 2000, 25, 677-710.

103

15.

Edmondson, S.; Osborne, V. L.; Huck, W. T. S., Polymer brushes via surface-initiated

polymerizations. Chemical Society Reviews 2004, 33, 14-22.
16.

Chen, M.; Zhong, M.; Johnson, J. A., Light-Controlled Radical Polymerization:

Mechanisms, Methods, and Applications. Chemical Reviews 2016, 116, 10167-10211.
17.

Percec, V.; Popov, A. V.; Ramirez-Castillo, E.; Monteiro, M.; Barboiu, B.; Weichold,

O.; Asandei, A. D.; Mitchell, C. M., Aqueous Room Temperature Metal-Catalyzed Living
Radical Polymerization of Vinyl Chloride. Journal of the American Chemical Society 2002, 124,
4940-4941.
18.

von Werne, T. A.; Germack, D. S.; Hagberg, E. C.; Sheares, V. V.; Hawker, C. J.;

Carter, K. R., A Versatile Method for Tuning the Chemistry and Size of Nanoscopic Features by
Living Free Radical Polymerization. Journal of the American Chemical Society 2003, 125, 38313838.
19.

Zoppe, J. O.; Ataman, N. C.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H.-A., Surface-

Initiated Controlled Radical Polymerization: State-of-the-Art, Opportunities, and Challenges in
Surface and Interface Engineering with Polymer Brushes. Chemical Reviews 2017, 117, 11051318.
20.

Pan, X.; Fantin, M.; Yuan, F.; Matyjaszewski, K., Externally controlled atom transfer

radical polymerization. Chemical Society Reviews 2018, 47, 5457-5490.
21.

Sumerlin, B. S.; Neugebauer, D.; Matyjaszewski, K., Initiation Efficiency in the

Synthesis of Molecular Brushes by Grafting from via Atom Transfer Radical Polymerization.
Macromolecules 2005, 38, 702-708.
22.

Fors, B. P.; Hawker, C. J., Control of a Living Radical Polymerization of Methacrylates

by Light. Angewandte Chemie 2012, 124, 8980-8983.
23.

Poelma, J. E.; Fors, B. P.; Meyers, G. F.; Kramer, J. W.; Hawker, C. J., Fabrication of

Complex Three-Dimensional Polymer Brush Nanostructures through Light-Mediated Living
Radical Polymerization. Angewandte Chemie International Edition 2013, 52, 6844-6848.
24.

Wei, W.; Balamurugan, A.; Dwyer, J. H.; Gopalan, P., Substrate-Independent Approach

to Dense Cleavable Polymer Brushes by Nitroxide-Mediated Polymerization. ACS Macro Letters
2018, 7, 100-104.
25.

Shah, R. R.; Merreceyes, D.; Husemann, M.; Rees, I.; Abbott, N. L.; Hawker, C. J.;

Hedrick, J. L., Using Atom Transfer Radical Polymerization To Amplify Monolayers of

104

Initiators Patterned by Microcontact Printing into Polymer Brushes for Pattern Transfer.
Macromolecules 2000, 33, 597-605.
26.

Hyun, J.; Chilkoti, A., Surface-Initiated Free Radical Polymerization of Polystyrene

Micropatterns on a Self-Assembled Monolayer on Gold. Macromolecules 2001, 34, 5644-5652.
27.

Tu, H.; Heitzman, C. E.; Braun, P. V., Patterned Poly(N-isopropylacrylamide) Brushes

on Silica Surfaces by Microcontact Printing Followed by Surface-Initiated Polymerization.
Langmuir 2004, 20, 8313-8320.
28.

Xu, F. J.; Li, Y. L.; Kang, E. T.; Neoh, K. G., Heparin-Coupled Poly(poly(ethylene

glycol) monomethacrylate)-Si(111) Hybrids and Their Blood Compatible Surfaces.
Biomacromolecules 2005, 6, 1759-1768.
29.

Matsuura, K.; Utoh, R.; Nagase, K.; Okano, T., Cell sheet approach for tissue

engineering and regenerative medicine. Journal of Controlled Release 2014, 190, 228-239.
30.

Bhat, R. R.; Chaney, B. N.; Rowley, J.; Liebmann-Vinson, A.; Genzer, J., Tailoring

Cell Adhesion Using Surface-Grafted Polymer Gradient Assemblies. Advanced Materials 2005,
17, 2802-2807.
31.

Wu, J.; Mao, Z.; Gao, C., Controlling the migration behaviors of vascular smooth muscle

cells by methoxy poly(ethylene glycol) brushes of different molecular weight and density.
Biomaterials 2012, 33, 810-820.
32.

Ren, T.; Mao, Z.; Guo, J.; Gao, C., Directional Migration of Vascular Smooth Muscle

Cells Guided by a Molecule Weight Gradient of Poly(2-hydroxyethyl methacrylate) Brushes.
Langmuir 2013, 29, 6386-6395.
33.

Pester, C. W.; Narupai, B.; Mattson, K. M.; Bothman, D. P.; Klinger, D.; Lee, K. W.;

Discekici, E. H.; Hawker, C. J., Engineering Surfaces through Sequential Stop-Flow
Photopatterning. Advanced Materials 2016, 28, 9292-9300.
34.

Giam, L. R.; Mirkin, C. A., Cantilever-Free Scanning Probe Molecular Printing.

Angewandte Chemie International Edition 2011, 50, 7482-7485.
35.

Garcia, R.; Knoll, A. W.; Riedo, E., Advanced scanning probe lithography. Nat. Nano.

2014, 9, 577-587.
36.

Kaholek, M.; Lee, W.-K.; LaMattina, B.; Caster, K. C.; Zauscher, S., Fabrication of

Stimulus-Responsive Nanopatterned Polymer Brushes by Scanning-Probe Lithography. Nano
Letters 2004, 4, 373-376.

105

37.

Chen, L.; Xie, Z.; Gan, T.; Wang, Y.; Zhang, G.; Mirkin, C. A.; Zheng, Z.,

Biomimicking Nano-Micro Binary Polymer Brushes for Smart Cell Orientation and Adhesion
Control. Small 2016, 12, 3400-3406.
38.

Paik, M. Y.; Xu, Y.; Rastogi, A.; Tanaka, M.; Yi, Y.; Ober, C. K., Patterning of

Polymer Brushes. A Direct Approach to Complex, Sub-Surface Structures. Nano Letters 2010,
10, 3873-3879.
39.

Sweat, D. P.; Kim, M.; Yu, X.; Schmitt, S. K.; Han, E.; Choi, J. W.; Gopalan, P., A

Dual Functional Layer for Block Copolymer Self-Assembly and the Growth of Nanopatterned
Polymer Brushes. Langmuir 2013, 29, 12858-12865.
40.

Bian, S.; Zieba, S. B.; Morris, W.; Han, X.; Richter, D. C.; Brown, K. A.; Mirkin, C.

A.; Braunschweig, A. B., Beam pen lithography as a new tool for spatially controlled
photochemistry, and its utilization in the synthesis of multivalent glycan arrays. Chemical
Science 2014, 5, 2023-2030.
41.

Liu, X.; Zheng, Y.; Peurifoy, S. R.; Kothari, E. A.; Braunschweig, A. B., Optimization

of 4D polymer printing within a massively parallel flow-through photochemical microreactor.
Polym. Chem. 2016, 7, 3229-3235.
42.

Ge, Q.; Qi, H. J.; Dunn, M. L., Active materials by four-dimension printing. Applied

Physics Letters 2013, 103, 131901.
43.

Singh-Gasson, S.; Green, R. D.; Yue, Y.; Nelson, C.; Blattner, F.; Sussman, M. R.;

Cerrina, F., Maskless fabrication of light-directed oligonucleotide microarrays using a digital
micromirror array. Nature Biotechnology 1999, 17, 974.
44.

Pellois, J. P.; Zhou, X.; Srivannavit, O.; Zhou, T.; Gulari, E.; Gao, X., Individually

addressable parallel peptide synthesis on microchips. Nature Biotechnology 2002, 20, 922-926.
45.

Choi, J.-W.; Wicker, R.; Lee, S.-H.; Choi, K.-H.; Ha, C.-S.; Chung, I., Fabrication of

3D biocompatible/biodegradable micro-scaffolds using dynamic mask projection
microstereolithography. Journal of Materials Processing Technology 2009, 209, 5494-5503.
46.

Nielson, R.; Kaehr, B.; Shear, J. B., Microreplication and Design of Biological

Architectures Using Dynamic-Mask Multiphoton Lithography. Small 2009, 5, 120-125.
47.

Miri, A. K.; Nieto, D.; Iglesias, L.; Goodarzi Hosseinabadi, H.; Maharjan, S.; Ruiz-

Esparza, G. U.; Khoshakhlagh, P.; Manbachi, A.; Dokmeci, M. R.; Chen, S.; Shin, S. R.;

106

Zhang, Y. S.; Khademhosseini, A., Microfluidics-Enabled Multimaterial Maskless
Stereolithographic Bioprinting. Advanced Materials 2018, 30, 1800242.
48.

Carbonell, C.; Valles, D. J.; Wong, A. M.; Tsui, M. W.; Niang, M.; Braunschweig, A.

B., Massively Multiplexed Tip-Based Photochemical Lithography under Continuous Capillary
Flow. Chem 2018, 4, 857-867.
49.

Matyjaszewski, K.; Tsarevsky, N. V., Nanostructured functional materials prepared by

atom transfer radical polymerization. Nature Chemistry 2009, 1, 276-288.
50.

Chmielarz, P.; Krys, P.; Wang, Z.; Wang, Y.; Matyjaszewski, K., Synthesis of Well-

Defined Polymer Brushes from Silicon Wafers via Surface-Initiated seATRP. Macromolecular
Chemistry and Physics 2017, 218, 1700106.
51.

Pyun, J.; Kowalewski, T.; Matyjaszewski, K., Synthesis of Polymer Brushes Using

Atom Transfer Radical Polymerization. Macromolecular Rapid Communications 2003, 24,
1043-1059.
52.

Iura, T.; Ohtani, H., Fragmentation behavior of poly(methyl methacrylate) during matrix-

assisted laser desorption/ionization. Rapid Communications in Mass Spectrometry 2015, 29, 155162.
53.

Roos, S. G.; Müller, A. H. E.; Matyjaszewski, K., Copolymerization of n-Butyl Acrylate

with Methyl Methacrylate and PMMA Macromonomers: Comparison of Reactivity Ratios in
Conventional and Atom Transfer Radical Copolymerization. Macromolecules 1999, 32, 83318335.
54.

Liao, X.; Brown, K. A.; Schmucker, A. L.; Liu, G.; He, S.; Shim, W.; Mirkin, C. A.,

Desktop nanofabrication with massively multiplexed beam pen lithography. Nature
Communications 2013, 4, 2103.

107

Maskless Photochemical Printing of Multiplexed Glycan Microarrays for
High-Throughput Binding Studies
Chapter 5:
Contents from this chapter are adapted from the published paper: “Maskless Photochemical
Printing of Multiplexed Glycan Microarrays for High-Throughput Binding Studies”
Daniel J. Valles, Yasir Naeem, Carlos Carbonell, Alexa M. Wong, David R. Mootoo, and
Adam B. Braunschweig, ACS Biomaterials Science and Engineering, 2019, 6, 3131–3138
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Maskless Photochemical Printing of Multiplexed Glycan Microarrays for
High-Throughput Binding Studies
5.1 Introduction
Glycan microarrays have accelerated substantially our knowledge of important biological
processes, including the immune response1-3, pathogen-cell interactions4-6, and tumor metastasis7,
8

. Spatially encoded glycan microarrays consist of glycans patterned onto a surface with

micrometer-scale feature diameters, and they have received considerable recent attention9-12
because they can test binding interactions in parallel and under identical experimental conditions,
while minimizing the quantity of expensive glycan needed to carry out binding experiments.
Moreover, studying glycan binding on surfaces is particularly desirable because of the outsized
role of cooperative and multivalent interactions on glycan recognition in the dense glycocalyx.13
Therefore, to accurately represent how binding occurs in a biologically relevant environment,
glycan-functionalized surfaces that can replicate the density and orientation found in natural
biointerfaces, must be prepared. Despite this motivation for studying glycan binding in arrays, the
development and adoption of glycan microarray technologies has lagged behind DNA14-16,
peptide17, 18, protein19, 20, and antibody21, 22 microarrays because of substantial challenges unique
to printing glycans and interrogating their binding. Specifically, glycan samples are difficult to
synthesize or isolate from natural sources, so there is a pressing need to reduce feature dimensions
and thereby minimize the quantity of glycans needed to prepare the arrays.
Glycan arrays are generally prepared by inkjet or pin-printing23, leaving features with
diameters that are generally >100 µm, which requires considerable volume of glycans or lectins
needed for binding studies and restricts the number of spots in an array.24 Additionally, the
sensitive functional group tolerance of glycans has tempered the ability to either synthesize them
combinatorially on surfaces or control their density and orientation with the surface
immobilization chemistries that are commonly used in microarray technologies. Because of the
sensitivity of glycan-lectin binding towards these different printing parameters, arrays prepared by
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different approaches can often provide inconsistent results.25 Given these challenges, there is a
pressing need for preparing glycan microarrays that, first, can reduce substantially feature area,
which minimizes the amount of expensive glycan sample needed for each print and increases the
number of features on a substrate, and, second, can vary the glycan density within each feature to
investigate how multivalency affects binding. Such a platform will increase the number of
experiments that can be carried out with limited glycan samples, considerably reduce costs, and
improve experimental throughput, thereby opening opportunities to ask new scientific questions
that cannot be addressed with existing methods, and transforming glycoscience research.
Efforts to control feature presentation and reduce feature diameter in glycan microarrays
have attracted considerable recent attention from both the instrumentation development and the
surface chemistry communities. Cutting-edge patterning methods, including microcontact
printing26, 27 and scanning probe lithography28-31, have been explored as alternatives to inkjet and
pin-printing because they can produce feature diameters of <1 µm, but they have not been adopted
widely because of difficulties associated with multiplexing32-35, in other words the resulting glycan
arrays typically present only a single immobilized glycan across the array. As such, there is still a
need for a printing platform that can create micrometer-scale features and address the multiplexing
challenge. Another focus of glycan microarray research has been developing new chemistries for
covalent surface immobilization so the glycan presentation can be precisely controlled. “Click”
reactions, such as the CuI-catalyzed azide alkyne Huisgen reaction36-38 or the thiol-ene
photochemical reaction,28, 39-41 are popular choices because they are bioorthogonal and proceed in
high yield. Alternatively, label-free reactions,42 where the reducing end reacts with an
appropriately functionalized surface are also attractive. As such, any new printing platform must
be compatible with these immobilization chemistries, and possess the capacity to localize the
stimulus necessary for the reactions to occur site-specifically. Finally, an increasingly important
consideration in glycan array design is the ability of the printer to systematically vary the glycan
density in each feature. Gildersleeve,43, 44 Bertozzi,45 and others18, 46 have developed methods to
vary the density of glycans within the features of a microarray, and they have used these data to
understand the critical and complex role of multivalency and cooperativity in glycan association
and selectivity.44-46 In summary, any new glycan array printing technology should marry the ability
to multiplex, print with micrometer scale diameters, and possess the ability to spatiotemporally
induce cutting-edge surface chemistries.
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Here we describe a new printer that integrates microfluidics, a digital micromirror device
(DMD), and advanced surface photochemistry to prepare multiplexed glycan microarrays with
~10 micrometer-scale feature diameters and independent control over the glycan composition and
density of each feature. The advantage of using DMDs to localize light is that each mirror can be
individually addressed to create arbitrary patterns with ~10 µm diameter features without
necessitating the fabrication of a photomask. This advance reduces feature area 100-fold compared
to conventional glycan microarrays. While DMD-based printers have been used to fabricate
oligonucleotide47, RNA48, peptide49, and protein microarrays50, 51, this technology, however, has
not yet been applied towards printing glycan microarrays because of the challenges and
idiosyncrasies associated with glycan chemistry. Here, appropriately functionalized reactive
substrates are placed in a reaction chamber, and glycans labelled with reactive functional groups
are introduced via microfluidics into the chamber. Light reflected off the DMD onto selected areas
of the surface promotes a photochemical thiol-ene click reaction between the thiolated surface and
alkene labelled glycans in solution. To demonstrate the capabilities of this platform, we printed
two different types of glycan microarrays: the first was a multiplexed glycan microarray, where
multiple different glycans were patterned to study lectin selectivity. The second type of array varies
the density of a single glycan to explore the effect of valency on lectin binding. These two
examples are used to validate this platform as a transformative new approach to study glycan
recognition, which is central to all aspects of glycobiology.
5.2 Results and Discussion
A scheme of the printer is provided in Figure 5.1A. The LED, DMD, and piezostage are
components of a TERA-Fab E Series instrument (TERA Print, LLC, USA). The DMD is equipped
with a 1024 x 768 array of 4.3 μm-wide mirrors that can be individually turned on and off by a
CPU to spatiotemporally control delivery of the LED light (405 nm, 8 mW/cm2) to the substrate
to create arrays with feature-to-feature distances down to 50 µm (center-to-center) and feature
diameters <15 µm. The reaction occurs in a custom-built fluid cell with a glass coverslip to allow
for passage of light to the reactive substrate below (Figure 5.1B). Reaction solutions are delivered
via 1/32-inch polyether ether ketone (PEEK) tubing from syringe pumps (New Era Pump Systems
Inc., USA), which then spread over the substrate via capillary forces.52 At the other end of the fluid
cell is a second PEEK tube connected to a syringe pump that withdraws all the excess solution
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Figure 5.1. Photochemical DMD printer.
during the print. To conserve glycans, this can be collected and used in future experiments. The
substrate sits upon an x,y,z piezostage that has fine motor precision down to 1 µm.
The thiol-ene reaction was chosen because it proceeds photochemically with high yield
and selectivity39, it is compatible with the LED illumination wavelength (λ=405 nm), and alkenes
are known glycan labels that are easily incorporated onto the anomeric (C1) oxygen.53 Thiolterminated substrates were prepared on glass slides and <100> Si wafers (500 nm oxide, NOVA
Electronic Materials, USA) following previously reported literature protocols.54 To validate that
the glycans immobilized with this printing platform maintained their native binding selectivity, we
selected a small sample of glycan-lectin pairs whose binding has been well-studied in the context
of glycan microarrays. Specifically, Con A is a widely-studied Man/Glc selective lectin27, 55,
whereas RCA120 binds Gal preferentially.56 The six alkene-functionalized glycans (Figure 5.1C)
were synthesized by modifying previously reported reaction schemes57-59, and their structures were
confirmed by high–resolution mass spectrometry and comparison of their 1H NMR data with that
for authentic samples. Fluorescently labelled lectins, fluorescein isothiocyanate labelled
concanavalin A (FITC-Con A) and Ricinus communis agglutinin I (rhodamine-RCA120) were
purchased from Vector Labs (USA), and used as received. These two lectins were chosen because
Con A is selective toward mannosides and glucosides, while RCA120 is selective toward
galactosides.60
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Figure 5.2. BSA study.
Before multiplexed arrays could be printed, the kinetics of photochemical immobilization
reaction, chemistry for surface passivation, and conditions for lectin incubation were studied and
optimized. Bovine serum albumin (BSA) is used by us36 and others27 to prevent nonspecific protein
adsorption onto the unpatterned areas of glycan arrays. Surface passivation with BSA typically
involves immersing a patterned substrate into a solution of the protein, and the BSA will adhere to
the nonpatterned areas. The parameters that were explored were BSA passivation time, BSA
concentration, incubation time of the arrays in the lectin solutions, and temperature of the binding
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assay (Figure 5.2), and they were analyzed using fluorescence microscopy to measure normalized
fluorescence of each feature (NF=feature intensity/background intensity). To systematically
explore how these parameters affected binding of the lectins to the arrays, prints were created using
a photomask with 10,000 holes (25 µm diameter) and a 365 nm LED. A DMF solution was

Figure 5.3. Glass substrate vs. silicon substrate.

prepared with 200 mM α-Man5 and 100 mM Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO) as a photocatalyst. Two drops of this solution were placed onto a thiol-functionalized
Si/SiOx substrate, which was then placed under the photomask, and the surface was exposed to the
pattern (8mW/cm2) for 20 min. The substrate was then washed with EtOH and sonicated in DMF
for 10 min before passivating the surface. Passivation is accomplished by immersing the patterned
substrate into a 1% w/v solution of BSA in PBS (10 mM, pH=7.4, 0.01% Tween20). The printing
and passivation were analyzed indirectly by measuring fluorescence from the FITC-Con A bound
to the patterned α-Man5. The incubation time was varied between 4, 5, and 16 hours, and the
incubation temperature was either room temperature or 4 ℃. The highest fluorescence was
observed when passivating the surface for 30 min in a PBS solution (10 mM, pH= 7.4, 0.01%
Tween20) with 1% (w/v) BSA and incubating in the FITC-Con A solution (10 mM PBS, MnCl2
0.9 mM, CaCl2 0.5 mM, pH= 7.4, 0.01% Tween20) at room temperature for 16 hours. ImageJ61
was used to extract the intensity values of each individual feature. The same print was repeated on
a thiol-terminated glass slide to determine how the substrate affected fluorescence (Figure 5.3),
and, under identical functionalization, printing, and lectin binding conditions, the features were
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substantially clearer and fluorescence was substantially higher for the Si/SiOx substrates. As such,
the thiol-terminated Si/SiOx substrates were used for all further studies described here.

Figure 5.4. Kinetics of the thiol-ene reaction.
Prints were conducted to determine the kinetics of the glycan immobilization reaction.
Studying the kinetics of organic surface reactions is often challenging because a new substrate is
typically prepared for each data point, which is slow and expensive. The DMD allows us to
perform high throughput kinetic experiments of photochemical surface reactions because mirrors
can be sequentially turned off as time passes, so each feature in an array is printed at different
irradiation times. The thiol-ene kinetics were first studied by placing a droplet of 200 mM α-Gal3
and 100 mM TPO in 0.5 mL of DMF onto the thiol-terminated Si/SiO2 wafer. In the 3 x 5 array
(Figure 5.4A), times were varied from 0.5 – 25 minutes of 8 mW/cm2 light on to the surface, and
each of these arrays were repeated 141 times over the surface, so statistically-significant kinetic
data were obtained from each print. The patterned substrate was incubated in a rhodamineRCA120 solution under the optimized incubation conditions, so fluorescence microscopy could
be used to analyze reaction kinetics by measuring normalized fluorescence. The results show that
NF increases with increasing irradiation time. The data (Figure 5.4B) was fit (R2 = 0.99) to the
pseudo-second-order Langmuir isotherm (Eq. 5.1),
Eq. 5.1
where NFt is the fluorescence at a given irradiation time, t is the irradiation time for each feature,
NFmax is the maximum fluorescence that is obtained at equilibrium, and k is the rate constant. The
rate constants were found to range from kads = 2.78 x 10-17 ± 30% cm2 molec-1 s-1and kads = 9.26 x
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10-17 ± 30% cm2 molec-1 s-1, which are consistent with our previous studies on thiol-ene surface
kinetics.52 Subsequently, the kinetic analysis was repeated (Figure 5.4B) for each of the six
glycans that would be used to make the multiplexed glycan arrays. The prints of all six follow
similar reaction kinetics, indicating that a feature of any of the glycans can be printed in ~20 min.
It should also be noted that, with this platform, a full kinetic study can be substantially accelerated,
as 15 features, each created with different exposure times are printed in a single 25-minutes
patterning process, and with just a single droplet of the reactant solution, illustrating the benefits
of studying surface chemistry with this DMD-enabled printer (Figure 5.5 and 5.6). In addition, we
studied the relationship between feature sizes and the number of mirrors used in printing each
feature. While the mirrors are 4.3 x 4.3 µm, the smallest feature observed was 13 x 13 µm (Figure
5.7). However, as the number of mirrors per feature increases, the printed feature begins to
approach the anticipated width of 4.3 µm per mirror.
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Figure 5.5. Glycan kinetics 1.
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Figure

5.6.

Glycan

kinetics

2.

Figure 5.7. Varying feature size with mirrors.

A multiplexed glycan microarray was printed with the five different alkene-labelled
glycans. A 200 mM DMF solution of each glycan was prepared with 100 mM of TPO, and loaded
into a syringe that was connected to the fluid cell. The solution was delivered to the thiolterminated reactive surface via a syringe pump, irradiated with the 405 nm LED at 8 mW/cm2 for
20 min, washed with DMF, and the process was repeated for each of the five glycan solutions to
create the patterns. Each glycan was assigned a different shape for facile identification and printed
repeatedly in a vertical line, each of which contained 32 features. Following printing, the glycan
microarray was then washed with EtOH and sonicated in DMF to remove any physisorbed
material, and passivated with BSA using the optimized conditions. To take advantage of the
reduced feature sizes, a microfluidic incubation chip with 11 channels (Figure 5.8A and Figure
5.9) was developed for the purpose of simultaneously testing the binding of various lectin solutions
to the multiplexed array. The mold for the incubation chip was 3D printed (Proto Labs, USA) with
eleven 250 µm wide channels for the lectin solutions. The mold was filled with
polydimethylsiloxane (PDMS) and cured in the oven at 105 ℃ for 18 h to produce the PDMS chip.
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Figure 5.8. Multiplex glycan array.
To study the lectin-glycan binding within the multiplexed microarray, the incubation chip
was placed on the printed area so the channels were oriented orthogonal to the vertical lines of the
printed glycans. 10 μL of either FITC-Con A or rhodamine-RCA120 (PBS buffer, 10 mM, MnCl2
0.9 mM, CaCl2 0.5 mM, pH= 7.4, 0.01% Tween20), were injected into the channel at
concentrations ranging from 1 – 0.001 mg/mL, and three channels were filled with just the buffer
solution as controls. Following a 16 h incubation, the substrates were rinsed with a PBS solution
(10 mM, pH= 7.4, 0.01% Tween20), and binding was analyzed by fluorescence microscopy. Each
channel of the incubation chip encapsulated six features for each of the five glycan, so each
reported fluorescence value is calculated from averaging six individual measurements, leading to
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Figure 5.9. Microfluidic incubation mask.
statistically significant data. This overcomes a major problem with conventional microarrays,
where often binding results are derived from a single feature, which leads to large experiment-toexperiment variation and issues related to reproducibility.25 The fluorescence data is presented as
both a heat map, as microarray data are generally offered, and as 3D plots where differences in
fluorescence are more readily apparent (Figure 5.8B and C). Unsurprisingly and consistent with
known trends, at high lectin concentration, fluorescence was seen at each glycan for each protein,
albeit with high background fluorescence, and this is consistent with the known promiscuity of
these lectins,62 and selectivity trends becomes apparent at low lectin concentrations. FITC-Con A
has a preference for mannosides and glucosides,27, 55, 63 while rhodamine-RCA120 has the strongest
binding towards galactosides,56, 64 which is consistent with their known natural affinities. At low
concentration (0.001 mg/mL), FITC-Con A fluorescence is only seen for mannosides, and
similarly, rhodamine-RCA120 fluorescence is only observed on the galactosides. Importantly,
binding is observed at lectin concentrations as low as 0.001 mg/mL, which is similar in sensitivity
to other widely used arrays.25
We also used this printing tool to alter the mole fraction (χ) of glycan, and, in turn, the
glycan density of each feature in microarrays printed. Because of the important role of
multivalency and cooperativity in glycan binding, the ability to change density within a feature
can reveal important aspects of selectivity. Gildersleeve44, for example, studied how glycan density
affects the binding of α-mannose and α-glucose with Con A and α/β lactose with RCA120. They
concluded that as the spacing between glycans becomes too large, multivalent binding is not
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Figure 5.10. Variable-density mannose array.
accessible, thus decreasing binding relative to areas that are more densely packed with glycans.
To create our own variable-density arrays (Figure 5.10 and Figure 5.11), two DMF solutions
containing either 200 mM of glycan (α-Man5 or α-Gal5) or 200 mM of penten-1-ol, along with
100 mM of TPO, were prepared. Here, penten-1-ol is used as an inert spacer because it can be
immobilized with the same thiol-ene photochemistry, and the alcohol terminal group does not bind
with the lectins, which was confirmed after incubating substrates patterned with only a penten-1ol in solutions of both lectins, and no binding was observed (Figure 5.12). Eleven different 0.5
mL solutions were prepared for printing, where the concentration of alkene (glycan + spacer)
remained at 200 mM, but the χ of glycan varied from 1 to 0.1. These solutions were sequentially
introduced into the reaction cell, and irradiated for 20 min at 8 mW/cm2. Here, we assume that the
concentration of glycan and spacer on the surface reflects the concentrations in the reactive
solution. In our previous work, we showed that the ratio of different fluorophores that were
immobilized using the thiol-ene reaction in a feature reflected the ratios in solution, suggesting
similar immobilization kinetics for different alkenes, regardless of the group attached.52 Between
solutions, the substrate was washed with DMF for 5 min at a flow rate of 100 mL/min to minimize
contamination, and the printing was repeated for the next χ. The surface was passivated and washed
as described above. To test multiple lectin concentrations while collecting statistically relevant
data, the incubation chip introduced FITC-Con A (rhodamine-RCA120) onto the variable-density
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α-Man5 (α-Gal5) microarray, with lectin concentrations ranging from 1 – 0.001 mg/mL
introduced into the different channels. The lectin solutions were incubated in the channels and
washed off the surface using the optimized conditions described above. Fluorescence images of
these arrays showed that binding decreased as the χ of glycan in each feature decreased, confirming
the ability of our printer to systematically vary glycan density within each feature. Additionally,
the dramatic drop-off in Con A fluorescence at χ < 0.7 may occur because glycan density may fall
below the level at which multivalent binding can occur, thereby substantially decreasing affinity
to the feature. Although further experiments are necessary to confirm this conjecture, this
experiment is a powerful illustration of the value of this platform for investigating the subtleties
of glycan recognition on biologically relevant surfaces.

Figure 5.11. Variable-density galactose array.
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Figure 5.12. Control print – ConA binding to penten-1-ol.

5.3 Conclusions
Here we combined a DMD, microfluidics, and photochemical surface chemistry to create
multiplexed glycan microarrays with feature areas 100-fold smaller than conventional methods.
Another benefit of the printer is that the high throughput kinetic experiments enabled by the DMD
result in the rapid optimization of immobilization conditions. As proof-of-concept demonstrations,
two different glycan microarrays were printed. In the first, a multiplexed array was prepared, and
the binding specificities of various glycans were consistent with known trends, confirming that the
glycan arrays maintain the biological activity of the immobilized glycans. Also, we prepared arrays
where the mole fraction of glycan in each feature was varied systematically, so subtle surface
effects, like multivalency on binding, could be studied on a single substrate and under identical
experimental conditions. Future work will focus upon reducing feature dimensions, expanding the
diversity of the glycan library, fabricating microarrays using other surface that allows the
immobilization of unmodified glycans, and using this platform to study pressing questions on
glycobiology. Indeed, the versatility of this platform ensures that it will be adopted to address
challenging problems of the interface of glycobiology, and nanotechnology.

124

5.4 References
1.

Crocker, P. R., Siglecs in innate immunity. Current Opinion in Pharmacology 2005, 5,

431-437.
2.

Crocker, P. R.; Paulson, J. C.; Varki, A., Siglecs and their roles in the immune system.

Nature Reviews Immunology 2007, 7, 255-266.
3.

van Kooyk, Y.; Rabinovich, G. A., Protein-glycan interactions in the control of innate

and adaptive immune responses. Nature Immunology 2008, 9, 593.
4.

Smith, A. E.; Helenius, A., How Viruses Enter Animal Cells. Science 2004, 304, 237-

242.
5.

Stevens, J.; Blixt, O.; Paulson, J. C.; Wilson, I. A., Glycan microarray technologies:

tools to survey host specificity of influenza viruses. Nature Reviews Microbiology 2006, 4, 857864.
6.

Van Breedam, W.; Pöhlmann, S.; Favoreel, H. W.; de Groot, R. J.; Nauwynck, H. J.,

Bitter-sweet symphony: glycan–lectin interactions in virus biology. FEMS Microbiol Rev 2014,
38, 598-632.
7.

Dube, D. H.; Bertozzi, C. R., Glycans in cancer and inflammation — potential for

therapeutics and diagnostics. Nature Reviews Drug Discovery 2005, 4, 477.
8.

Fuster, M. M.; Esko, J. D., The sweet and sour of cancer: glycans as novel therapeutic

targets. Nature Reviews Cancer 2005, 5, 526.
9.

Horlacher, T.; Seeberger, P. H., Carbohydrate arrays as tools for research and

diagnostics. Chemical Society Reviews 2008, 37, 1414-1422.
10.

Hyun, J. Y.; Pai, J.; Shin, I., The Glycan Microarray Story from Construction to

Applications. Accounts of Chemical Research 2017, 50, 1069-1078.
11.

Oyelaran, O.; Gildersleeve, J. C., Glycan arrays: recent advances and future challenges.

Current Opinion in Chemical Biology 2009, 13, 406-413.
12.

Park, S.; Gildersleeve, J. C.; Blixt, O.; Shin, I., Carbohydrate microarrays. Chem. Soc.

Rev. 2013, 42, 4310-4326.
13.

Glycochemistry. Principles, Synthesis, and Applications (Wang, P. G., and Bertozzi, C.

R., eds., Marcel Dekker, New-York-Basel, 2001, 682 p., $195). Biochemistry (Moscow) 2003,
68, 363-364.
125

14.

Brown, P. O.; Botstein, D., Exploring the new world of the genome with DNA

microarrays. Nature Genetics 1999, 21, 33.
15.

Gresham, D.; Dunham, M. J.; Botstein, D., Comparing whole genomes using DNA

microarrays. Nature Reviews Genetics 2008, 9, 291.
16.

Ishkanian, A. S.; Malloff, C. A.; Watson, S. K.; deLeeuw, R. J.; Chi, B.; Coe, B. P.;

Snijders, A.; Albertson, D. G.; Pinkel, D.; Marra, M. A.; Ling, V.; MacAulay, C.; Lam, W.
L., A tiling resolution DNA microarray with complete coverage of the human genome. Nature
Genetics 2004, 36, 299.
17.

Houseman, B. T.; Huh, J. H.; Kron, S. J.; Mrksich, M., Peptide chips for the quantitative

evaluation of protein kinase activity. Nature Biotechnology 2002, 20, 270.
18.

Legutki, J. B.; Zhao, Z.-G.; Greving, M.; Woodbury, N.; Johnston, S. A.; Stafford, P.,

Scalable high-density peptide arrays for comprehensive health monitoring. Nature
Communications 2014, 5, 4785.
19.

Lee, Y.-S.; Mrksich, M., Protein chips: from concept to practice. Trends in Biotechnology

2002, 20, s14-s18.
20.

MacBeath, G., Protein microarrays and proteomics. Nature Genetics 2002, 32, 526.

21.

Kloppot, P.; Selle, M.; Kohler, C.; Stentzel, S.; Fuchs, S.; Liebscher, V.; Müller, E.;

Kale, D.; Ohlsen, K.; Bröker, B. M.; Zipfel, P. F.; Kahl, B. C.; Ehricht, R.; Hecker, M.;
Engelmann, S., Microarray-based identification of human antibodies against Staphylococcus
aureus antigens. PROTEOMICS – Clinical Applications 2015, 9, 1003-1011.
22.

Kwon, Y.; Han, Z.; Karatan, E.; Mrksich, M.; Kay, B. K., Antibody Arrays Prepared by

Cutinase-Mediated Immobilization on Self-Assembled Monolayers. Analytical Chemistry 2004,
76, 5713-5720.
23.

Blixt, O.; Head, S.; Mondala, T.; Scanlan, C.; Huflejt, M. E.; Alvarez, R.; Bryan, M.

C.; Fazio, F.; Calarese, D.; Stevens, J.; Razi, N.; Stevens, D. J.; Skehel, J. J.; van Die, I.;
Burton, D. R.; Wilson, I. A.; Cummings, R.; Bovin, N.; Wong, C.-H.; Paulson, J. C., Printed
covalent glycan array for ligand profiling of diverse glycan binding proteins. Proceedings of the
National Academy of Sciences of the United States of America 2004, 101, 17033-17038.
24.

Heimburg-Molinaro, J.; Song, X.; Smith, D. F.; Cummings, R. D., Preparation and

Analysis of Glycan Microarrays. Current Protocols in Protein Science 2011, 64, 12.10.112.10.29.

126

25.

Wang, L.; Eng, W.; Mahal, L. K.; Smith, D. F.; Cummings, R. D.; Huflejt, M.;

Campbell, C. T.; Gildersleeve, J. C.; Gerlach, J. Q.; Joshi, L.; Kilcoyne, M.; Reichardt, N.-C.;
Serna, S.; Parera Pera, N.; Pieters, R. J., Cross-platform comparison of glycan microarray
formats. Glycobiology 2014, 24, 507-517.
26.

Godula, K.; Rabuka, D.; Nam, K. T.; Bertozzi, C. R., Synthesis and Microcontact

Printing of Dual End-Functionalized Mucin-like Glycopolymers for Microarray Applications.
Angewandte Chemie (International ed. in English) 2009, 48, 4973-4976.
27.

Wendeln, C.; Heile, A.; Arlinghaus, H. F.; Ravoo, B. J., Carbohydrate Microarrays by

Microcontact Printing. Langmuir 2010, 26, 4933-4940.
28.

Bian, S. D.; Zieba, S. B.; Morris, W.; Han, X.; Richter, D. C.; Brown, K. A.; Mirkin,

C. A.; Braunschweig, A. B., Beam pen lithography as a new tool for spatially controlled
photochemistry, and its utilization in the synthesis of multivalent glycan arrays. Chem. Sci. 2014,
5, 2023-2030.
29.

Carbonell, C.; Braunschweig, A. B., Toward 4D Nanoprinting with Tip-Induced Organic

Surface Reactions. Accounts of Chemical Research 2016.
30.

Garcia, R.; Knoll, A. W.; Riedo, E., Advanced scanning probe lithography. Nat. Nano.

2014, 9, 577-587.
31.

Ginger, D. S.; Zhang, H.; Mirkin, C. A., The Evolution of Dip-Pen Nanolithography.

Angewandte Chemie International Edition 2004, 43, 30-45.
32.

Arrabito, G.; Schroeder, H.; Schroder, K.; Filips, C.; Marggraf, U.; Dopp, C.;

Venkatachalapathy, M.; Dehmelt, L.; Bastiaens, P. I.; Neyer, A.; Niemeyer, C. M.,
Configurable low-cost plotter device for fabrication of multi-color sub-cellular scale
microarrays. Small 2014, 10, 2870-6.
33.

Brinkmann, F.; Hirtz, M.; Greiner, A. M.; Weschenfelder, M.; Waterkotte, B.;

Bastmeyer, M.; Fuchs, H., Interdigitated Multicolored Bioink Micropatterns by Multiplexed
Polymer Pen Lithography. Small 2013, 9, 3266-3275.
34.

Kumar, R.; Weigel, S.; Meyer, R.; Niemeyer, C. M.; Fuchs, H.; Hirtz, M., Multi-color

polymer pen lithography for oligonucleotide arrays. Chem. Commun. 2016, 52, 12310-12313.
35.

Zheng, Z.; Daniel, W. L.; Giam, L. R.; Huo, F.; Senesi, A. J.; Zheng, G.; Mirkin, C.

A., Multiplexed Protein Arrays Enabled by Polymer Pen Lithography: Addressing the Inking
Challenge. Angew. Chem. Int. Ed. 2009, 48, 7626-7629.

127

36.

Bian, S. D.; He, J. J.; Schesing, K. B.; Braunschweig, A. B., Polymer Pen Lithography

(PPL)-Induced Site-Specific Click Chemistry for the Formation of Functional Glycan Arrays.
Small 2012, 8, 2000-2005.
37.

Kolb, H. C.; Finn, M. G.; Sharpless, K. B., Click Chemistry: Diverse Chemical Function

from a Few Good Reactions. Angewandte Chemie International Edition 2001, 40, 2004-2021.
38.

Zilio, C.; Bernardi, A.; Palmioli, A.; Salina, M.; Tagliabue, G.; Buscaglia, M.;

Consonni, R.; Chiari, M., New “clickable” polymeric coating for glycan microarrays. Sensors
and Actuators B: Chemical 2015, 215, 412-420.
39.

Hoyle, C. E.; Bowman, C. N., Thiol–Ene Click Chemistry. Angew. Chem. Int. Ed. 2010,

49, 1540-1573.
40.

Neumann, K.; Conde-González, A.; Owens, M.; Venturato, A.; Zhang, Y.; Geng, J.;

Bradley, M., An Approach to the High-Throughput Fabrication of Glycopolymer Microarrays
through Thiol–Ene Chemistry. Macromolecules 2017, 50, 6026-6031.
41.

Wendeln, C.; Rinnen, S.; Schulz, C.; Arlinghaus, H. F.; Ravoo, B. J., Photochemical

Microcontact Printing by Thiol−Ene and Thiol−Yne Click Chemistry. Langmuir 2010, 26,
15966-15971.
42.

Wang, D.; Liu, S.; Trummer, B. J.; Deng, C.; Wang, A., Carbohydrate microarrays for

the recognition of cross-reactive molecular markers of microbes and host cells. Nature
Biotechnology 2002, 20, 275.
43.

Oyelaran, O.; Li, Q.; Farnsworth, D.; Gildersleeve, J. C., Microarrays with varying

carbohydrate density reveal distinct subpopulations of serum antibodies. Journal of proteome
research 2009, 8, 3529-3538.
44.

Zhang, Y.; Li, Q.; Rodriguez, L. G.; Gildersleeve, J. C., An Array-Based Method To

Identify Multivalent Inhibitors. Journal of the American Chemical Society 2010, 132, 96539662.
45.

Godula, K.; Bertozzi, C. R., Density variant glycan microarray for evaluating cross-

linking of mucin-like glycoconjugates by lectins. Journal of the American Chemical Society
2012, 134, 15732-15742.
46.

Hushegyi, A.; Bertok, T.; Damborsky, P.; Katrlik, J.; Tkac, J., An ultrasensitive

impedimetric glycan biosensor with controlled glycan density for detection of lectins and
influenza hemagglutinins. Chemical Communications 2015, 51, 7474-7477.

128

47.

Singh-Gasson, S.; Green, R. D.; Yue, Y.; Nelson, C.; Blattner, F.; Sussman, M. R.;

Cerrina, F., Maskless fabrication of light-directed oligonucleotide microarrays using a digital
micromirror array. Nature Biotechnology 1999, 17, 974.
48.

Lackey, J. G.; Mitra, D.; Somoza, M. M.; Cerrina, F.; Damha, M. J., Acetal Levulinyl

Ester (ALE) Groups for 2′-Hydroxyl Protection of Ribonucleosides in the Synthesis of
Oligoribonucleotides on Glass and Microarrays. Journal of the American Chemical Society 2009,
131, 8496-8502.
49.

Pellois, J. P.; Zhou, X.; Srivannavit, O.; Zhou, T.; Gulari, E.; Gao, X., Individually

addressable parallel peptide synthesis on microchips. Nature Biotechnology 2002, 20, 922.
50.

Kook-Nyung, L.; Dong-Sik, S.; Yoon-Sik, L.; Yong-Kweon, K., Micromirror array for

protein micro array fabrication. Journal of Micromechanics and Microengineering 2003, 13,
474.
51.

Waldbaur, A.; Waterkotte, B.; Schmitz, K.; Rapp, B. E., Maskless Projection

Lithography for the Fast and Flexible Generation of Grayscale Protein Patterns. Small 2012, 8,
1570-1578.
52.

Carbonell, C.; Valles, D. J.; Wong, A. M.; Tsui, M. W.; Niang, M.; Braunschweig, A.

B., Massively Multiplexed Tip-Based Photochemical Lithography under Continuous Capillary
Flow. Chem 2018, 4, 857-867.
53.

Mootoo, D. R.; Fraser-Reid, B., n-Pentenyl 2-amino-2-deoxy glycosides undergo

stereoselective coupling under mild, chemospecific conditions. Tetrahedron Letters 1989, 30,
2363-2366.
54.

Liu, X. M.; Zheng, Y. T.; Peurifoy, S. R.; Kothari, E. A.; Braunschweig, A. B.,

Optimization of 4D polymer printing within a massively parallel flow-through photochemical
microreactor. Polymer Chemistry 2016, 7, 3229-3235.
55.

Liang, P.-H.; Wang, S.-K.; Wong, C.-H., Quantitative Analysis of Carbohydrate−Protein

Interactions Using Glycan Microarrays: Determination of Surface and Solution Dissociation
Constants. Journal of the American Chemical Society 2007, 129, 11177-11184.
56.

Park, S.; Shin, I., Carbohydrate Microarrays for Assaying Galactosyltransferase Activity.

Organic Letters 2007, 9, 1675-1678.
57.

Chen, C.-T.; Munot, Y. S.; Salunke, S. B.; Wang, Y.-C.; Lin, R.-K.; Lin, C.-C.; Chen,

C.-C.; Liu, Y.-H., A Triantennary Dendritic Galactoside-Capped Nanohybrid with a ZnS/CdSe

129

Nanoparticle Core as a Hydrophilic, Fluorescent, Multivalent Probe for Metastatic Lung Cancer
Cells. Advanced Functional Materials 2008, 18, 527-540.
58.

Guchhait, G.; Misra, A. K., Efficient glycosylation of unprotected sugars using sulfamic

acid: A mild eco-friendly catalyst. Catalysis Communications 2011, 14, 52-57.
59.

Konstantinovic, S.; Predojevic, J.; Gojkovic, S.; Pavlovic, V., Synthesis of ω-

Unsaturated O-Protected Glucosides as Precursors for Unsaturated Neutral Bolaforms.
ChemInform 2003, 34.
60.

Ambrosi, M.; Cameron, N. R.; Davis, B. G., Lectins: tools for the molecular

understanding of the glycocode. Organic & Biomolecular Chemistry 2005, 3, 1593-1608.
61.

Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W., NIH Image to ImageJ: 25 years of

image analysis. Nat Meth 2012, 9, 671-675.
62.

Pohl, N., The Sugar Code: Fundamentals of Glycosciences. Edited by Hans-Joachim

Gabius. Chembiochem 2010, 11, 1147-1147.
63.

Edelman, G. M.; Cunningham, B. A.; Reeke, G. N.; Becker, J. W.; Waxdal, M. J.;

Wang, J. L., The Covalent and Three-Dimensional Structure of Concanavalin A. Proceedings of
the National Academy of Sciences 1972, 69, 2580-2584.
64.

Rutenber, E.; Robertus, J. D., Structure of ricin B-chain at 2.5 Å resolution. Proteins:

Structure, Function, and Bioinformatics 1991, 10, 260-269.

130

Multivalent Binding of Concanavalin A on Variable-Density Mannoside Microarrays
Chapter 6:
Contents from this chapter are adapted from the published paper: “Multivalent Binding of
Concanavalin A on Variable-Density Mannoside Microarrays”
Daniel J. Valles, Yasir Naeem, Angelica Y. Rozenfeld, Rawan W. Aldasooky, Alexa M.
Wong, Carlos Carbonell, David R. Mootoo, and Adam B. Braunschweig, Faraday
Discussions 2019, 219, 77-89

131

Multivalent Binding of Concanavalin A on Variable-Density Mannoside Microarrays
6.1 Introduction
Many biological processes, from immune response to host–pathogen interactions, are
mediated by recognition between glycan binding proteins (GBPs) and glycans within the
glycocalyx – the dense layer of glycolipids, glycoproteins, and glycopolymers on the surface of
every eukaryotic cell.1-4 In this environment, multivalency, whereby contacts form between a GBP
and multiple glycans simultaneously, plays an outsized role in determining substrate specificity
and binding avidity.5-9 As a result of multivalency, avidity increases up to 106 M-1 are commonly
observed between GBPs and substrates that present multiple glycans in close enough proximity to
allow for multipoint binding, a phenomenon termed the “cluster glycoside effect”.10-13 Despite its
central role in glycobiology, quantitative measures of multivalency, particularly in substrates that
are designed to mimic the presentation of glycans on the cell surface, remains a significant and
unresolved experimental challenge because of difficulties associated with surface immobilization
chemistry, the paucity of lithographic methods that can print glycans with control over density,
and unsatisfactory models for anticipating the impact of multivalent interactions on the surface.
Creating substrates that can systematically vary glycan presentation requires control over
surface immobilization chemistry, while employing printing technologies that are compatible with
delicate organic materials, like glycans. As such, strategies for controlling glycan surface
presentation must consider both the printing method and the immobilization chemistry. The
surface chemistry used to prepare the Consortium for Functional Glycomics glycan array, for
example, involves pin-printing amino-functionalized glycans onto NHS-activated surfaces.14, 15
Other common immobilization chemistries involve functionalizing a substrate with a monolayer
of N-hydroxysuccinimidyl ester to covalently immobilize 3’-amine oligonucleotides conjugated
with glycans,16 epoxy–activated substrates that react with amino-functionalized glycans,17, 18 thiolene photochemical click reactions,19-23 patterning fluorous derivatized glycans onto commercially
available

Teflon/epoxy

coated

microscope

slides,24

oligosaccharides onto nitrocellulose substrates.25,

26

and

immobilizing

lipid-linked

Alternatively, the Gildersleeve Group
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conjugates glycans to bovine serum albumin (BSA), creating “neoglycoproteins” that are then
themselves immobilized to epoxide coated glass substrates, where the glycan density can be
manipulated by either mixing with non-conjugated BSA or varying the density of glycans within
each neoglycoprotein.27-29 The patterning of glycans into arrays is typically accomplished by
creating spots using an inkjet or pin-printer.14 With these technologies, solutions of the
appropriately functionalized glycans are deposited onto substrates functionalized with the
complementary reactivity, resulting in features of covalently immobilized glycans with typical
diameters of ~500 μm. These printing technologies are popular because they are non-destructive
towards delicate glycans and compatible with the common immobilization reactions. However,
other techniques could substantially reduce feature diameter, and thereby increase the number of
spots per array and limit the amount of expensive glycan or GBP needed for microarray analysis.
Some of these next-generation printing techniques that have been explored recently in the context
of glycan microarrays include scanning-probe lithography,22, 30 microcontact printing,21, 31, 32 and
photochemical patterning enabled by a digital micromirror device (DMD).20 Ideally, a glycan
arraying platform – which constitutes immobilization chemistry and the lithography method for
patterning – should be compatible with immobilization chemistry, create features with <100 μm
diameters, and possess the ability to control glycan density within each feature.
Varying the density of glycans is particularly important for glycan microarrays because
doing so is necessary for investigating how multipoint binding between GBP and a glycan-coated
surface affects avidity. To this end, diverse approaches have been adopted to vary glycan density
within the features of a microarray. Liang and coworkers, for example, studied the binding of
Concanavalin A (ConA) to mannosides and oligomannosides that were immobilized onto a NHSactivated glass substrate that was prepared via robotic pin- printing.33 In this study, they varied the
concentration of mannose in the printing solutions from 0.6 to 100 µM, and studied binding to the
fluorophore-labelled lectin. They measured increased ConA avidity to the substrate at spots printed
with higher concentration mannose solutions. The authors concluded that when the printing
solutions drop to 1 µM and 0.6 µM, the mannosides were too widely spaced for ConA to achieve
multivalent binding, which was necessary to obtain avidity sufficiently high for the GBP to remain
on the surface. Alternatively, Oleyaran and coworkers fabricated variable glycan-density arrays
with BSA-neoglycoproteins to investigate how multivalency affects GBP avidity.28 The binding
of fluorescently labelled ConA to neoglycoproteins with systematically varying glycan
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(monomannose and oligomannose) concentration was assessed. The results of this experiment
showed that as the ratio between mannose-conjugated neoglycoprotein and unmodified BSA
changes from 1:0 to 1:7 in the printing solution, the spacing between glycans increased. Increased
spacing between glycans resulted in a decrease of overall multivalent opportunities on the surface,
thus decreasing the overall fluorescence of the feature, which they concluded was a consequence
of the inability of ConA to bind multivalently as the monomannose density was reduced. However,
at low concentrations of the oligomannose, ConA was still able to bind the features since
multivalent opportunities persist. Concerned that the glycan monolayers that are typically used in
glycan arrays bind GBPs weakly as a result of surface roughness, Godula and coworkers prepared
glycopolymer microarrays. Attempting to mimic the natural presentation of mucins, which are
highly glycosylated cell-surface proteins, they created heavily glycosylated synthetic brush
polymers using reversible addition-fragmentation chain-transfer (RAFT) polymerization and
printed them into microarrays.34, 35Aminooxy labelled glycans were grafted at different densities
onto polymer chains of different lengths to examine how density affected avidity. The affinities of
four lectins (Soybean agglutinin (SBA), Wisteria floribunda lectin (WFL), Vicia villosa-B-4
agglutinin (VVA), and Helix pomatia agglutin (HPA)) to the glycosylated brush polymers were
assessed. SBA, WFL, and VVA all displayed multivalent binding, as dissociation constants (Kd)
decreased with increasing glycan grafting density. HPA, however, did not show any change in Kd
despite the changes in glycan density, thus indicating that it did not associate to the brush polymer
with avidity. Thus, glycan arrays are powerful platforms to assess the impact of multivalency on
GBP binding, but despite these important contributions, there is still a need for techniques that can
reduce the printing areas and systematically vary surface concentration.
Another challenge that arises in understanding these data is scaling changes in avidity to a
molecular level understanding of multivalency, and, to this end, several models have been
proposed. In a review on multivalency, Mammen et al. have suggested36 that the enthalpy of the
system is dominated by strain on the multivalent ligands, while entropic changes are dependent
upon perturbations to lectin conformation. Brewer and coworkers used isothermal titration
calorimetry to investigate the thermodynamics of the binding between ConA and multivalent
mannosides in solution.37 The results showed that as the number of mannosides on a ligand
increases, the avidity to ConA also increases, and that the enthalpy of the system increased linearly
with the number of mannosides. Brewer, also emphasized the importance of the entropy of the
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system by showing how the conformation of the lectin, SBA in this case, affects multivalency on
a mucin. Because of the structure of SBA and the conformation when it binds to mucin galactose,
SBA can “bind and jump” from one residue to the next.38 Houseman and coworkers argue that it
is particularly important to study multivalent interactions on surfaces because of increased control
over glycan spacing in monolayers, and immobilized ligands are in an environment that reduces
nonspecific binding.39
Here we build upon these investigations to study ConA-mannoside multivalency by
employing a new method for printing glycan microarrays,20 which allows for the density of glycans
within an array to be varied systematically. This printer combines microfluidics, a digital
micromirror device, and a reactive surface to control the ratio of glycan and spacer within a feature.
We use this tool to print features of variable-density mannosides onto a surface and study their
binding to solutions with different concentrations of FITC-labelled ConA. Reduced feature
dimensions provides a route to take multiple readings at each binding condition to obtain
statistically robust data. Finally, we relate changes in avidity to changes in mannoside spacing and
suggest that ditopic binding is necessary for the protein to achieve sufficient avidity to remain
surface bound. This work presents a versatile new way of studying quantitatively the relationship
between surface density and avidity in situations where multivalency is central.
6.2 Results and Discussion
Here we investigate the multivalent binding of ConA with mannoside-patterned glycan
microarrays (Figure 6.1). ConA is a plant lectin that has two states: as a homotetramer that exists
at pH > 7, as a homodimer when the pH < 6, and both states exists in equilibria when the pH is 6‒
7. The monomeric subunit of ConA consists of 237 amino acids with a mass of 25.5 kDa and has
three binding sites. Of the three sites, two are for metal ions, typically Ca2+ and Mn2+, and the third
for the glycan. ConA first binds to the metal ions, which opens up the binding site for the glycan.
ConA preferentially binds mannosides, and also binds glucosides, but with a lower affinity.40 To
study the effect of multivalency on ConA-mannoside avidity, a glycan microarray was prepared
where the glycan density was varied systematically in each feature. This array was prepared with
a new photochemical printer described recently by our group.20 Briefly, the printer integrates a
TERA-Fab E Series which consists of a DMD (1024 x 768 mirrors) and an LED (405 nm, 32
mW/cm2), that are coupled with a piezoelectric stage that supports the substrate (Figure 6.1A). A
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CPU coordinates the spatiotemporal delivery of light onto the substrate and the movement of the
stage. Onto the TERA-Fab E Series stage, we have mounted a fluid cell41 where photochemical
reactions occur on the functionalized substrate and in solution, and microfluidics deliver and
remove reagents from the fluid cell (Figure 6.1B‒C). We have demonstrated the capabilities of
this photochemical printer by preparing multiplexed grafted-from brush polymer arrays42 and
multiplexed glycan microarrays20

Figure 6.1. Variable-density scheme for multivalency analysis.
Here, the thiol-ene photochemical click reaction was used to immobilize different ratios of
the alkene-labelled mannoside, pent-4-enyl-α-D-mannopyranoside (α-Man), and spacer, allyl
alcohol, in different ratios to form features on the substrate (Figure 6.1D). The thiol-ene reaction
is a popular reaction for surface immobilization of biological probes because it is biorthogonal,
proceeds rapidly and in high yield, and with few byproducts.43-45 Previously, ourselves and others
have shown it can be used to immobilize dyes41, glycans20 and glycopolymers,22 confirming its
compatibility for preparing microarrays, and we have studied the reaction kinetics to determine
the reaction time required to proceed to completion. Here we perform the thiol-ene reaction in the
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printer described above to create glycan arrays by mounting a Si/SiO2 wafer that is functionalized
with 3-(mercaptopropyl) trimethoxysilane into the fluid cell. Microfluidics introduced solutions
containing different ratios of the alkene-functionalized α-Man and the spacer allyl alcohol (total
concentration α-Man + allyl alcohol = 200 mM) in DMF with the photosensitizer diphenyl(2,4,6trimethylbenzoyl)phosphine oxide (TPO, 100 mM). The ratio of α-Man : allyl alcohol was varied
from 1 to 0.01. Features of 45 x 45 µm were prepared by irradiating the surface in the presence of
the printing solution for 20 min at 8 mW/cm2 intensity, and 32 feature of each α-Man : allyl alcohol
ratio were printed. Between solutions, the substrate was washed with DMF for 5 min at a flow rate
of 100 µL/min to minimize contamination. Once the printing was completed, the substrate was
washed with EtOH, sonicated in DMF for 10 min, then unreacted areas of the surface were
passivated by immersing it into a 1% (w/v) bovine serum albumin (BSA) solution. BSA was
selected as a passivating agent because it has been used by us20, 22, 30 and others16, 46 to prevent nonspecific adsorption of GBPs to surfaces.
The binding of ConA to the variable density glycan microarray was measured using
fluorescence microscopy. These experiments provided fluorescence values for 8 different ConA
concentrations to glycans patterned at 11 different α-Man : allyl alcohol ratios. The lectin
concentrations range from 4.8 µM to 9.6 nM. The fluorescence data for the binding of a 240 nM
solution of FITC-ConA onto the different features is presented in Figure 6.2A. The binding data
were assembled into a heat map to represent changes in fluorescence with changes in both glycan
density and lectin concentration (Figure 6.2B), which illustrates that fluorescence intensity
decreases with decreasing ConA concentration and with mannoside χ in the printed feature.
Finally, plotting of these fluorescence data show (Figure 6.2C) a non-linear decrease with
decreasing α-Man mole fraction (χ = [glycan] / ([glycan] + [spacer])), with a drop-off to
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Figure 6.2. Variable-density patterning.
background at χ = 0.2. This nonlinear decrease in binding, with decreasing χ, is consistent with
other studes of the multivalent binding of ConA in microarrays.

27,33

No fluorescence above the

background was observed in the control channels that contained only buffer solution.
The α-Man-ConA fluorescence data was used to determine the avidity (Kd) at each
different ConA concentration and each χ by applying a Langmuir isotherm model (Eq. 6.1), which
is commonly used to quantify binding in microarrays.27, 33, 4748

𝐹𝐹 =

[𝐿𝐿]𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
[𝐿𝐿] + 𝐾𝐾𝑑𝑑

Eq. 6.1

In this model, [L] is the concentration of the lectin, F is the observed fluorescence counts, and Fmax
is the maximum fluorescence observed when ConA binds to α-Man (Fmax was observed at [ConA]
= 4.8 µM and χ = 1). The binding data for all 88 different conditions (8 ConA concentrations x 11
χ) are presented in Table 6.1, and Kd values range from 2700 to 43 nM. The following trends are
Table 6.1. Dissociation constants (Kd).
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seen when calculating the Kd for each binding event. The observed Kd is dependent upon both χ
and ConA concentration. For all ConA concentrations, fluorescence measurements for χ ≤ 0.2 were
identical to background, and no features were observed, indicating that no specific binding was
occurring or that fluorescence signal was too low to measure by our analytical methods. At the
lowest ConA concentration (9.6 nM), the difference between χ = 1 to χ = 0.01 in Kd is only 5 nM,
which became statistically similar to the background, although patterns were still observable at
χ=0.3, and so we conclude that binding cannot be measured accurately with our fluorescence
method at this concentration. We observed that as glycan concentration decreased, Kd increased.
For example, at 4.8 µM ConA (highest [ConA]), Kd increases 10-fold from 270 nM (χ = 1) to 2200
nM (χ = 0.3). Similarly, in the study done by Wong et al.,33 as the printing concentrations of
monomannose decreases, the Kd increases, concluding that the spacing is too large for ConA to
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Figure 6.3. Analysis of surface binding.
bind multivalently, which is in good agreement with our results. Alternatively, if χ is held constant,
Kd increases with increasing [ConA]. For example, at χ = 0.8 the Kd range from 710 nM ([ConA]
= 4.8 μM) to 28 nM ([ConA] = 48 nM). At high [ConA], the Kd values are higher than previously
reported, however, as the concentration of [ConA] decreases the Kd values begin to resemble what
is reported by Gildersleeve27 (69 nM) and Wong33 (80 nM). There is an aberrant data point when
[ConA] is 2400 nM at χ = 0.9 that does not seem to follow the binding trends. We believe that the
unexpectedly low fluorescence readout in this area was the result of improper immobilization of
α-Man during the printing of the features, which could have been caused by poor thiol monolayer
formation or contamination in that area during printing.
The changes in avidity can be explained by considering the differing ability of ConA to
participate in multivalent binding as glycan density is modulated. Here we modify a simple model
for surface density developed by Oyelaran that is based on average glycan spacing to explain the
observed avidity trends. In this model, neoglycoprotein-coated surfaces are assumed to be twodimensional arrays of ligands, and that these ligands are evenly spaced across the surface.28 To
estimate average spacing, we must first determine the density of molecules on the surface, which
here we assume to be ~1013 molecules·cm–2 with a range of 0.1 – 0.6 molecules·nm–2, which is
based on previous work from our group on immobilizing electroactive probes onto functionalized
substrates.30 At this grafting density, there are from 2 x 108 – 1 x 109 bound molecules per 45 x
45 µm feature. The estimated average distance is found by dividing the feature area (2.025 x 109
nm2) by the number of molecules in that feature, and taking the square root to find the distance.
Using the lowest density estimate, we find that at χ = 1, the estimated average distance between
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mannosides is 1 nm. As χ decreases, the spacing between mannosides increases, such that at χ =
0.2, the calculated average distance between mannosides is 7.1 nm, which is slightly larger than
the distance between binding sites in ConA (7 nm), rendering multivalent binding nearly
impossible, which is in good agreement with our data. Although this model is only a rough
approximation, it does illuminate why binding decreases so dramatically at this critical threshold
of χ = 0.2. Assuming that at least two ConA-α-Man contacts are required for ConA to remain
bound to the surface, at these low values of χ, this is not possible, and, as such, the protein is easily
washed off the surface (Figure 6.3A). Calculations were also repeated assuming that there are 0.6
molecules·nm–2. Both calculations were plotted (Figure 6.3B) to show the range of potential
spacing between immobilized glycans at different mole fractions and how they related to changes
in Kd.
6.3 Conclusions
Here we used a new photochemical printer combined with microfluidics to fabricate glycan
microarrays with systematically varying glycan density. By varying the ratio of α-Man : allyl
alcohol in the printing solution used during the photochemical immobilization, the average spacing
between glycans was controlled. The association between the glycans in this microarray and FITCConA was studied in a microfluidic chip, where solutions of varying [ConA] were exposed to the
features printed at varying χ. Fluorescence microscopy analysis of the resulting array provided Kds
for 8 different ConA concentrations and 11 different χ. In addition to increasing Kd with decreasing
χ, we observed an abrupt decrease in fluorescence at χ = 0.2. We explain this phenomenon using
a model that considers the average spacing between glycans, and conclude that at χ = 0.2, the
glycan spacing is too great for the ConA to bind the surface multivalently. We believe that this
versatile new printing and analysis strategy could help glycobiologists investigate quantitatively
how multivalency affects association, and thereby understand how infomation is trafficked on the
cell surface and other biointerfaces.
6.4 References
1.

van Kooyk, Y.; Rabinovich, G. A., Protein-glycan interactions in the control of innate

and adaptive immune responses. Nature Immunology 2008, 9, 593.

141

2.

Van Breedam, W.; Pöhlmann, S.; Favoreel, H. W.; de Groot, R. J.; Nauwynck, H. J.,

Bitter-sweet symphony: glycan–lectin interactions in virus biology. FEMS Microbiology Reviews
2014, 38, 598-632.
3.

Smith, A. E.; Helenius, A., How Viruses Enter Animal Cells. Science 2004, 304, 237-

242.
4.

Wang, P. G.; Bertozzi, C. R., Glycochemistry: principles, synthesis, and applications.

Marcel Dekker, Inc.: New York, 2001; p xvi + 682 pp.
5.

Müller, C.; Despras, G.; Lindhorst, T. K., Organizing multivalency in carbohydrate

recognition. Chemical Society Reviews 2016, 45, 3275-3302.
6.

Jiménez Blanco, J. L.; Ortiz Mellet, C.; García Fernández, J. M., Multivalency in

heterogeneous glycoenvironments: hetero-glycoclusters, -glycopolymers and -glycoassemblies.
Chemical Society Reviews 2013, 42, 4518-4531.
7.

Fasting, C.; Schalley, C. A.; Weber, M.; Seitz, O.; Hecht, S.; Koksch, B.; Dernedde,

J.; Graf, C.; Knapp, E.-W.; Haag, R., Multivalency as a Chemical Organization and Action
Principle. Angewandte Chemie International Edition 2012, 51, 10472-10498.
8.

Jayaraman, N., Multivalent ligand presentation as a central concept to study intricate

carbohydrate–protein interactions. Chemical Society Reviews 2009, 38, 3463-3483.
9.

Renaudet, O.; Roy, R., Multivalent scaffolds in glycoscience: an overview. Chemical

Society Reviews 2013, 42, 4515-4517.
10.

Lundquist, J. J.; Toone, E. J., The Cluster Glycoside Effect. Chemical Reviews 2002, 102,

555-578.
11.

Dimick, S. M.; Powell, S. C.; McMahon, S. A.; Moothoo, D. N.; Naismith, J. H.;

Toone, E. J., On the Meaning of Affinity: Cluster Glycoside Effects and Concanavalin A.
Journal of the American Chemical Society 1999, 121, 10286-10296.
12.

Bernardi, A.; Jimenez-Barbero, J.; Casnati, A.; De Castro, C.; Darbre, T.; Fieschi, F.;

Finne, J.; Funken, H.; Jaeger, K. E.; Lahmann, M.; Lindhorst, T. K.; Marradi, M.; Messner,
P.; Molinaro, A.; Murphy, P. V.; Nativi, C.; Oscarson, S.; Penades, S.; Peri, F.; Pieters, R. J.;
Renaudet, O.; Reymond, J. L.; Richichi, B.; Rojo, J.; Sansone, F.; Schaffer, C.; Turnbull, W.
B.; Velasco-Torrijos, T.; Vidal, S.; Vincent, S.; Wennekes, T.; Zuilhof, H.; Imberty, A.,
Multivalent glycoconjugates as anti-pathogenic agents. Chemical Society Reviews 2013, 42,
4709-4727.

142

13.

Cecioni, S.; Imberty, A.; Vidal, S., Glycomimetics versus Multivalent Glycoconjugates

for the Design of High Affinity Lectin Ligands. Chemical Reviews 2015, 115, 525-561.
14.

Heimburg-Molinaro, J.; Song, X.; Smith, D. F.; Cummings, R. D., Preparation and

Analysis of Glycan Microarrays. Current Protocols in Protein Science 2011, 64, 12.10.112.10.29.
15.

Song, X.; Heimburg-Molinaro, J.; Cummings, R. D.; Smith, D. F., Chemistry of natural

glycan microarrays. Current Opinion in Chemical Biology 2014, 18, 70-77.
16.

Chevolot, Y.; Zhang, J.; Meyer, A.; Goudot, A.; Rouanet, S.; Vidal, S.; Pourceau, G.;

Cloarec, J.-P.; Praly, J.-P.; Souteyrand, E.; Vasseur, J.-J.; Morvan, F., Multiplexed binding
determination of seven glycoconjugates for Pseudomonas aeruginosa Lectin I (PA-IL) using a
DNA-based carbohydrate microarray. Chemical Communications 2011, 47, 8826-8828.
17.

de Boer, A. R.; Hokke, C. H.; Deelder, A. M.; Wuhrer, M., General microarray

technique for immobilization and screening of natural glycans. Analytical Chemistry 2007, 79,
8107-13.
18.

Song, X.; Xia, B.; Lasanajak, Y.; Smith, D. F.; Cummings, R. D., Quantifiable

fluorescent glycan microarrays. Glycoconjugate Journal 2008, 25, 15-25.
19.

Wojcik, F.; Lel, S.; O'Brien, A. G.; Seeberger, P. H.; Hartmann, L., Synthesis of homo-

and heteromultivalent carbohydrate-functionalized oligo(amidoamines) using novel glycobuilding blocks. Beilstein Journal of Organic Chemistry 2013, 9, 2395-2403.
20.

Valles, D. J.; Naeem, Y.; Carbonell, C.; Wong, A. M.; Mootoo, D. R.; Braunschweig,

A. B., Maskless Photochemical Printing of Multiplexed Glycan Microarrays for HighThroughput Binding Studies. ACS Biomater. Sci. Eng. 2019, Revisions
21.

Wendeln, C.; Heile, A.; Arlinghaus, H. F.; Ravoo, B. J., Carbohydrate Microarrays by

Microcontact Printing. Langmuir 2010, 26, 4933-4940.
22.

Bian, S.; Zieba, S. B.; Morris, W.; Han, X.; Richter, D. C.; Brown, K. A.; Mirkin, C.

A.; Braunschweig, A. B., Beam pen lithography as a new tool for spatially controlled
photochemistry, and its utilization in the synthesis of multivalent glycan arrays. Chemical
Science 2014, 5, 2023-2030.
23.

Neumann, K.; Conde-González, A.; Owens, M.; Venturato, A.; Zhang, Y.; Geng, J.;

Bradley, M., An Approach to the High-Throughput Fabrication of Glycopolymer Microarrays
through Thiol–Ene Chemistry. Macromolecules 2017, 50, 6026-6031.

143

24.

Ko, K.-S.; Jaipuri, F. A.; Pohl, N. L., Fluorous-Based Carbohydrate Microarrays.

Journal of the American Chemical Society 2005, 127, 13162-13163.
25.

Fukui, S.; Feizi, T.; Galustian, C.; Lawson, A. M.; Chai, W., Oligosaccharide

microarrays for high-throughput detection and specificity assignments of carbohydrate-protein
interactions. Nature Biotechnology 2002, 20, 1011.
26.

Feizi, T.; Chai, W., Oligosaccharide microarrays to decipher the glyco code. Nature

Reviews: Molecular Cell Biology 2004, 5, 582-8.
27.

Zhang, Y.; Li, Q.; Rodriguez, L. G.; Gildersleeve, J. C., An Array-Based Method To

Identify Multivalent Inhibitors. Journal of the American Chemical Society 2010, 132, 96539662.
28.

Oyelaran, O.; Li, Q.; Farnsworth, D.; Gildersleeve, J. C., Microarrays with Varying

Carbohydrate Density Reveal Distinct Subpopulations of Serum Antibodies. Journal of
Proteome Research 2009, 8, 3529-3538.
29.

Zhang, Y.; Campbell, C.; Li, Q.; Gildersleeve, J. C., Multidimensional glycan arrays for

enhanced antibody profiling. Molecular Biosystems 2010, 6, 1583-1591.
30.

Bian, S.; He, J.; Schesing, K. B.; Braunschweig, A. B., Polymer pen lithography (PPL)‐

Induced Site‐Specific click chemistry for the formation of functional glycan arrays. Small 2012,
8, 2000-2005.
31.

Wendeln, C.; Rinnen, S.; Schulz, C.; Arlinghaus, H. F.; Ravoo, B. J., Photochemical

Microcontact Printing by Thiol−Ene and Thiol−Yne Click Chemistry. Langmuir 2010, 26,
15966-15971.
32.

Godula, K.; Rabuka, D.; Nam, K. T.; Bertozzi, C. R., Synthesis and Microcontact

Printing of Dual End-Functionalized Mucin-like Glycopolymers for Microarray Applications.
Angewandte Chemie International Edition 2009, 48, 4973-4976.
33.

Liang, P.-H.; Wang, S.-K.; Wong, C.-H., Quantitative Analysis of Carbohydrate−Protein

Interactions Using Glycan Microarrays: Determination of Surface and Solution Dissociation
Constants. Journal of the American Chemical Society 2007, 129, 11177-11184.
34.

Godula, K.; Rabuka, D.; Nam, K. T.; Bertozzi, C. R., Synthesis and Microcontact

Printing of Dual End-Functionalized Mucin-like Glycopolymers for Microarray Applications.
Angewandte Chemie (International ed. in English) 2009, 48, 4973-4976.

144

35.

Godula, K.; Bertozzi, C. R., Density Variant Glycan Microarray for Evaluating Cross-

Linking of Mucin-like Glycoconjugates by Lectins. Journal of the American Chemical Society
2012, 134, 15732-15742.
36.

Mammen, M.; Choi, S.-K.; Whitesides, G. M., Polyvalent Interactions in Biological

Systems: Implications for Design and Use of Multivalent Ligands and Inhibitors. Angewandte
Chemie International Edition 1998, 37, 2754-2794.
37.

Dam, T. K.; Roy, R.; Das, S. K.; Oscarson, S.; Brewer, C. F., Binding of multivalent

carbohydrates to concanavalin A and Dioclea grandiflora lectin. Thermodynamic analysis of the
"multivalency effect". Journal of Biological Chemistry 2000, 275, 14223-30.
38.

Dam, T. K.; Gerken, T. A.; Brewer, C. F., Thermodynamics of multivalent carbohydrate-

lectin cross-linking interactions: importance of entropy in the bind and jump mechanism.
Biochemistry 2009, 48, 3822-3827.
39.

Houseman, B. T.; Mrksich, M., Carbohydrate arrays for the evaluation of protein binding

and enzymatic modification. Chemistry & Biology 2002, 9, 443-54.
40.

Trastoy, B.; Bonsor, D. A.; Pérez-Ojeda, M. E.; Jimeno, M. L.; Méndez-Ardoy, A.;

García Fernández, J. M.; Sundberg, E. J.; Chiara, J. L., Synthesis and Biophysical Study of
Disassembling Nanohybrid Bioconjugates with a Cubic Octasilsesquioxane Core. Advanced
Functional Materials 2012, 22, 3191-3201.
41.

Carbonell, C.; Valles, D. J.; Wong, A. M.; Tsui, M. W.; Niang, M.; Braunschweig, A.

B., Massively Multiplexed Tip-Based Photochemical Lithography under Continuous Capillary
Flow. Chem 2018, 4, 857-867.
42.

Carbonell, C.; Valles, D. J.; Wong, A. M.; Touve, M.; Gianneschi, N. C.;

Braunschweig, A. B., “Polymer Brush Hypersurface Photolithography". 2019.
43.

Hoyle, C. E.; Bowman, C. N., Thiol–Ene Click Chemistry. Angewandte Chemie

International Edition 2010, 49, 1540-1573.
44.

Jonkheijm, P.; Weinrich, D.; Köhn, M.; Engelkamp, H.; Christianen, P. C. M.;

Kuhlmann, J.; Maan, J. C.; Nüsse, D.; Schroeder, H.; Wacker, R.; Breinbauer, R.; Niemeyer,
C. M.; Waldmann, H., Photochemical Surface Patterning by the Thiol-Ene Reaction.
Angewandte Chemie 2008, 120, 4493-4496.
45.

Lowe, A. B., Thiol–ene “click” reactions and recent applications in polymer and

materials synthesis: a first update. Polymer Chemistry 2014, 5, 4820-4870.

145

46.

Smith, E. A.; Thomas, W. D.; Kiessling, L. L.; Corn, R. M., Surface Plasmon

Resonance Imaging Studies of Protein-Carbohydrate Interactions. Journal of the American
Chemical Society 2003, 125, 6140-6148.
47.

Kuno, A.; Uchiyama, N.; Koseki-Kuno, S.; Ebe, Y.; Takashima, S.; Yamada, M.;

Hirabayashi, J., Evanescent-field fluorescence-assisted lectin microarray: a new strategy for
glycan profiling. Nature Methods 2005, 2, 851.

146

Glycopolymer Microarrays with Sub-Femtomolar Avidity for Glycan Binding Proteins
Prepared by Graft-To/Grafted-From Photopolymerizations
Chapter 7:
Contents from this chapter are adapted from the published paper: “Glycopolymer
Microarrays with Sub-Femtomolar Avidity for Glycan Binding Proteins Prepared by GraftTo/Grafted-From Photopolymerizations”
Daniel J. Valles, Yerzhan S. Zholdassov, Joanna Korpanty, Samiha Uddin, Yasir Naeem,
David R. Mootoo, Nathan C. Gianneschi, Adam B. Braunschweig Angewandte Chemie
International Edition. 2021

147

Glycopolymer Microarrays with Sub-Femtomolar Avidity for Glycan Binding Proteins
Prepared by Graft-To/Grafted-From Photopolymerizations
7.1 Introduction
Glycan microarrays1,

2

are composed of substrates patterned with monosaccharides or

polysaccharides and are used to study the carbohydrate binding specificity of proteins3,

4

antibodies,5or to identify potential drug targets. 6Alternatively, glycan microarrays are used as
sensors to detect the presence of carbohydrate-binding biomarkers that may indicate disease states.
7, 8

As such, glycan microarrays are becoming one of the most promising tools in the rapidly

growing field of chemical glycobiology that seeks to interrogate the role of carbohydrates in
biology.

9

Despite their promise, glycan microarrays are not nearly as widely used as DNA

microarrays or antibody microarrays in the context of sensors or fundamental science because of
several persistent and unresolved challenges. The first is the relatively weak binding affinity
between glycans and glycan binding proteins (GBPs) that limits sensitivity and precludes binding
of GBPs to the microarrays at biologically relevant concentrations. In solution, the 1:1 binding
affinity between glycans and GBPs is typically on the order of 10−3 – 10−5 M, which is substantially
weaker than the typical binding between complementary DNA strands, enzymes and their
substrates, or antibodies and their targets (frequently <10−9 M). Because of the sensitive
dependence of GBP binding in microarrays to glycan density and linker composition, the binding
may be even weaker than in solution. 7] In the glycocalyx, the 100 nm – 1 µm layer of glycans on
the surface of cells and many viruses, this weak binding is overcome by the dense, multivalent
presentation of oligoglycans and glycopolymers, and, as a result of the cluster-glycoside effect, 10,
11

can decrease binding avidity, Kd, by up to six orders-of-magnitude.12, 13 Thus, to reproduce the

binding modes that occur in biology and to detect GBPs at biologically-relevant concentrations,
glycan microarrays should reflect more accurately the multivalent presentation of glycans in the
glycocalyx. The other major limitation to the widespread adoption of glycan microarrays is the
difficulty associated with immobilizing carbohydrates onto surfaces, as doing so often requires
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difficult and multistep synthetic modification of the carbohydrates. Ideally, the approaches to
create the glycan arrays should address both major challenges by enabling the facile integration of
widely available glycans onto multivalent scaffolds.
Inspired by the polymeric backbone, high glycan density, and rigid extended structures of cellsurface mucins – the heavily glycosylated lipoproteins that coat cell surfaces14– researchers have
recently leveraged cutting-edge polymer chemistries to create microarrays containing multivalent,
glycopolymer brushes. In an initial demonstration of the effectiveness of this approach, the
Gildersleeve group conjugated bovine serum albumin (BSA) modified with carbohydrates onto
epoxide-modified glass slides. In doing so, they found that neoglycoproteins with larger glycan
density displayed smaller Kd values. To test how multivalency affects binding between mannose
and the mannose-binding GBP, concanavalin A (ConA), they also altered the density of mannosemodified BSA on the surface.15 They found that without spacing Kd was 69 nM, but upon spacing
them sufficiently with inert BSA, ConA does not bind to the microarray. These data suggest that
at least two of the four ConA binding sites must be occupied for the protein to adhere to the
microarray. Bertozzi and Godula16,

17

prepared glycopolymers using reversible addition-

fragmentation chain-transfer (RAFT) polymerization to mimic the natural glycan presentation of
cell-surface mucins in synthetic polymers. Aminooxy labelled α-N-acetylgalactosamine was
grafted at different densities and onto polymer chains of different lengths, which were then
immobilized into microarrays to examine how density affected association, resulting in Kds from
1–500 nM. Godula also polymerized Boc-protected N-methlyaminooxypropylacrylamide.
Removal of the Boc-groups reveals amine conjugation sites for aminooxy-containing glycans. 18
With these polymers they detected influenza A virus hemagglutinin (HA) at 5 HAU/mL, which
was substantially more sensitive than arrays prepared with monolayers of glycans. In another
example of post-polymerization glycosylation, Neumann et al. capitalized on thiol-ene click
chemistry to conjugate thiol functionalized glycans at different densities to alkene side-groups in
poly(allyl glycidyl ether), and then grafted the terminal hydroxyl group of the glycopolymer to
isocynate-functionalized glass substrates. The glycopolymer arrays were assayed against the ConA
to determine Kd. 19 They found that as the density of glycans on the polymers increased, Kd of the
GBP decreased accordingly, with Kd values as low as 27 nM for the binding between galactosemodified glycopolymers and the galactose-specific GBP, Ricinus communis agglutin I. All of these
assays demonstrates the increase in binding strength with increasing valency, but by grating the
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polymers to the microarray substrates, these approaches required complex syntheses and
architectures are limited to relatively flexible, linear chains. 20

Figure 7.1. Grafted-to/grafted-from radical photopolymerization.
An alternate approach to creating glycopolymer microarrays involves grafting-from reactions
to grow glycopolymers directly from the substrate, an approach whose advantages include greater
control over surface density, simpler syntheses, and a greater ability to manipulate glycan
presentation. Our group has explored a variety of surface chemistries[21 including, but not limited
to, grafted-from thiol-ene22-24 and thiol-(meth)acrylate25,

26

photoreactions for preparing

multiplexed monolayer glycan microarrays27 and grafted-from glycopolymer arrays27 to
investigate how valency, brush height, and spacing affect GBP binding. We found that binding to
ConA was substantially greater for mannose-modified polymers than that for monolayers, but the
printing approach we employed was not able to control feature height, architecture, and density
simultaneously. Despite the promise of grafted-from chemistry on glycan microarrays, new tools
and chemistries for creating glycan microarrays are needed where multivalency and polymer
height can each be independently controlled. With such tools, researchers can reproduce the
architecture of the glycocalyx, and thereby interrogate biological recognition, and increase
sensitivity. Here we combine advanced photolithography with new polymer chemistry to create
multiplexed glycan microarrays that reproduce the dense glycan presentation found in the
glycocalyx. To accomplish this, we combine a recently reported photochemical printing method,
‘Hypersurface Photolithography’,28-30 with a reaction that we term ‘grafted-to/grafted-from radical
photopolymerization’ (GTGFRP) (Figure 7.1), in which the glycans are grafted-to a polymer
chain as it grows grafted from a surface (Figure 7.2), and use the resulting glycan
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Figure 7.2. Printing of glycopolymers.
microarrays to explore systematically the role of grafting density and polymer height on Kd. The
result of these efforts is a powerful new approach for creating glycan microarrays, a fuller
understanding of how glycopolymer architecture can be modulated to control Kd, and multiplexed
glycopolymer microarrays with sub-1 fM Kds to ConA – the strongest binding between GBPs and
glycan arrays yet reported.
7.2 Results and Discussion
This study is enabled by the HP28, 30 printing platform (Figure 7.2A) that is used to rapidly
assess how reaction conditions affect the growth rates of grafted-from polymer brushes. HP
combines microfluidics, a 405 nm LED, and a digital micromirror device (DMD) with ~700,000
individually addressable mirrors31-33 to create multiplexed polymer arrays. Microfluidics
coordinate delivery of reagents to a fluid cell, where photochemical reactions occur between
reagents in solution and an appropriately functionalized surface. Previously, we have used this
printer to study the kinetics of surface-initiated atom transfer radical photopolymerization (SIATRP)

30

and the thiol-(meth)acrylate photopolymerization29 and to make stimuli-responsive

surfaces that reveal hidden messages.28 Each of these examples illustrates the major advantages of
this printer – the acceleration of reaction discovery and optimization of grafted-from kinetics –
because each of the pixels in a pattern can be composed of a polymer that is printed under a
different conditions, where factors that affect growth such irradiation time, reagents, or light
intensity can be varied systematically. In addition, each pattern can be repeated hundreds of times
across the surface leading to statistically significant data and minimized batch-to-bath variability.
As a consequence, a kinetic model of grafted-from polymerizations can be derived so the
architectures of the features in a pattern can be precisely controlled. This reaction discovery and
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printing approach is a major shift in how polymer brush chemistry is performed in that graftedfrom chemistries that are tailored to a specific application can be rapidly developed and complex
multiplexed patterns can be printed, such that each pixel has a unique chemical composition and
height.
Here we apply HP to develop an entirely new polymerization, the GTGFRP, that has been
specifically designed for making ultrasensitive glycopolymer microarrays. We had shown
previously26, 34 that methacrylate polymer brushes could be photochemically grafted-from surface
bound thiols in an inert atmosphere in the presence of diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO) and Ir(ppy)3 via a radical propagation mechanism.29 Heights of the resulting
polymers, however, did not exceed 30 nm, there was no straightforward approach to incorporate
glycans, and the necessity for inert atmosphere complicated printing. Multiple groups35-38 have
popularized a variant of the photochemical thiol-(meth)acrylate polymerization in which
pentaerythritol tetrakis(3-mercaptopropionate) (PETT) is combined with a monomer containing
multiple methacrylate groups, which leads to a highly cross-linked polymer. In parallel, ourselves
and others have immobilized glycans into microarrays using the photoreaction between surface
bound thiols and alkene-modified glycans.22, 23 This latter reaction is particularly well suited for
glycan microarrays because alkenes are common glycan protecting groups, and, as a consequence,
are easy to prepare and are widely available.39, 40 Further, the thiol-ene reaction is biorthogonal,41
not requiring that the hydroxyl groups are protected. Thus our new polymerization design is a
combination of these three photoreactions – the grafted-from polymerization from a thiolterminated surface, the thiol-acrylate polymerization, and the thiol-alkene reaction – all occurring
simultaneously to create polymer brush scaffolds with projecting glycans, where the heights and
glycan densities can be controlled independently.
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Figure 7.3. Kinetic study of copolymerization.
Before we created the glycan-containing polymer brushes, we set out to demonstrate that
this photoreaction could be used to create polymer brushes with controlled heights and to
determine how the concentration of each of the different reagents – [PETT], [ethylene glycol
dimethacrylate] ([EGDMA]), and [TPO] – and light intensity (hν) affect growth rate. To carry out
each print, thiol-terminated Si<100> wafers29 were placed into the fluid cell. Using the
microfluidics, the printing solution containing the three reactive components, dissolved into
DMSO, were introduced into the fluid cell so they were in direct contact with the thiolfunctionalized Si-substrate. It should also be noted that all solutions were prepared under ambient
conditions, without making efforts to degas or rigorously exclude water. Patterns containing 16
features with dimensions of 10 x 10 µm were projected onto the surface by the DMD, where each
feature in each of the 250 identical patterns was illuminated for a different time, t, (1 – 16 min).
Following printing, the substrates were washed with DMSO, EtOH, and sonicated in DMSO for 5
min to remove any physisorbed polymer. The presence of patterns was confirmed by optical
microscopy (Figure 7.3B-C), and the heights, h, of the features were measured by atomic force
microscopy (AFM, Figure 7.3D).
To explore the brush growth rates, a set of surfaces were patterned, where, in each surface,
a single parameter is varied and all others are held constant. First, the [EGDMA] was varied from
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520 – 1560 mM, while [TPO], hν, and [PETT] were held constant (Figure 7.3E). We observed
that the polymer brush h increased with increasing [EGDMA] and also that the h grew
exponentially with t. Similar trends were observed when we examined [TPO] (Figure 7.3F) and
hν (Figure 7.3G). Brush h that exceeded the z-resolution of the AFM (1 µm) were frequently
observed and are not included in the plots. These observations differ substantially from the trends
we observed in studying polymer grown by SI-ATRP30 or the propagation of methacrylates from
thiol surfaces.29 In the previous cases, h increased linearly with t until stopping abruptly, which is
commonly observed in brush polymerizations.29, 30 Furthermore, h > 30 nm were never observed
for the thiol-methacrylate polymerization,29 whereas here features >>1 µm tall are regularly
produced by the GTGFRP. We had observed previously that there were thresholds for [TPO] or
hν, above which growth slowed or stopped altogether. There were no such limits observed here
within the concentration ranges examined. In contrast to the other components, we found that
increasing [PETT] decreases growth rate (Figure 7.3H). To explain these data, we attribute the
exponential growth rate to the continuous initiation from new sites as PETT is incorporated into
the growing chain, which both precludes chain-termination and increases growth rates as the
number of living ends multiplies over time in a pseudo-dendritic fashion. The decrease in growth
rate with increasing [PETT] could be explained by any of the following reasons: (1) Increasing
rate of termination as a result of disulfide formation or other chain-chain reactions, (2) as more
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Figure 7.4. Incorporation of Man-5 to polymer.
PETT is incorporated into the chain, the reactive radical sites are thiol radicals rather than
propagating methacrylates, and initiation of a new chain is much slower than methacrylate
propagation, or (3) polymers growing in solution are outcompeting the surface-bound brushes for
limited monomer in solution, although this seems least likely as the monomer is present in solution
in large excess. Further investigation is needed to understand fully the kinetics of this reaction, but
the studies presented here reveal that interesting subtleties that govern the kinetics of this complex
GTGFRP.
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Figure 7.5. XPS data of the binding energy of C1s on 4 different surfaces.
We next investigated how the introduction of the alkene-functionalized glycan, pent-4-enylα-D-mannopyranoside (Man-5) into the reactive solution affected polymer growth rate and
confirmed that the glycan is incorporated into the growing brushes. To do so, we printed the same
16-feature patterns onto the thiol-terminated substrates (Figure 7.4B), and [Man-5] was varied
from 0 – 500 µM (Figure 7.4C). Glycan incorporation into these polymer brushes was confirmed
by XPS and micro-FTIR analysis. XPS analysis of the C1s spectra of four different surfaces were
compared. Surface polymers composed of EGDMA and EGMDA with PETT displayed similar
peaks, but after incorporating Man-5, a new peak emerged at 287.4 eV indicating C‒OH bonding
(Figure 7.5). Micro-FTIR revealed that spectra of the features in surfaces printed in the presence
and absence of Man-5 displayed sharp/strong bands at 2947 and 1720 cm−1, likely arising from
C−H and C=O stretching, respectively. Surfaces printed in the presence of Man-5 possessed an
additional broad band at 3430-3630 cm−1 that can be attributed to O−H groups in the glycan
(Figure 7.6). In assessing how reaction conditions affected growth-rate, we observed the same
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Figure 7.6. Glycopolymer FTIR data.
exponential growth with increasing time, and, interestingly, we found that the presence of [Man5] increased growth rate substantially when compared to polymerizations carried out in its absence
(Figure 7.4C). It is unclear why increasing [Man-5] accelerates growth and is another curious
aspect of this polymerization that should be explored further. The surfaces were then exposed to
fluorescein isothiocyanate (FITC)-labelled ConA to examine how the change in glycan density on
the polymer brushes affect binding. To do so, the surfaces were passivated in a 1% (w/v) solution
of BSA for 30 min, then they were washed with MilliQ water and dried under a stream of air before
incubating each surface in a solution of FITC-ConA for 12 hours. The surfaces were washed three
times for 10 min each in fresh solutions of MilliQ water with 0.01% Tween20 and dried under a
stream of air. The results (Figure 7.7) show that when no glycan is present on the polymer, there
is no visible fluorescence pattern. Fluorescence increases linearly with increasing [Man-5] in the
reactive solution, even while the h of the brushes is held constant (Figure 7.4C, inset),
demonstrating that the grafting density of [Man-5] is clearly increasing in the polymer brushes.
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Figure 7.7. The effect of systematically varying [Man-5] in the printing solution
Finally, surfaces patterned at [Man-5] = 500 µM and, controls that were printed without Man-5,
were incubated in solutions containing FITC-labelled ConA, or DyLight 594-labeled griffonia
simplicifolia I (GSL), a galactose-specific GBP that does not bind mannosides. Strong
fluorescence with low background was observed only on the surface patterned with Man-5 that
was incubated with FITC-ConA, whereas no significant fluorescence was observed in any other
experiment (Figure 7.8). Fluorescence values of the GSL binding experiment were observed to be
minimal (NF < 1.2) and insignificant. Taken together, these data confirm the successful graftingto of Man-5 onto the growing polymer brushes, that h can be controlled even in the presence of
the glycan, and that native binding specificity is maintained.
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Figure

7.8.

Binding

control

experiments.

Figure 7.9. High-throughput binding experiment.

A series of assays were carried out to examine the relationships between polymer architecture
and their binding to FITC-ConA. Patterns of 8 vertical lines (Figure 7.9A) of [Man-5} containing
brushes were prepared with each line printed at a different t (2‒12 min). The h of the polymers
brushes was analyzed by profilometry (Figure 7.9B-C), and range in h from 22 to 0.01 µm.
Previously,22, 23our group reported a microfluidic chip that contains 11 channels, each 250 μmwide, for the purpose of testing simultaneously the binding of the microarray to various GBP
solutions (Figure 7.4D, inset). This chip was placed onto the pattern, orienting the channels of the
chip perpendicular to the patterned polymer brush lines. Then, 9 solutions of FITC-ConA, at
concentrations ranging from 104 to 10-4 pM, were injected into the different channels and incubated
for 12 hours. Binding was assessed by fluorescence microscopy (Figure 7.4D), and the post159

incubation h were measured by profilometry (Figure 7.4E). There was no significant change in
line h after binding (Figure 7.7), suggesting that the highly cross-linked polymers are relatively
stiff and do not change after binding, which is different to what we have observed with linear
polymers.[ 20]We also found that fluorescence increases as [ConA] increases (Figure 7.4E-F), and
that fluorescence also increases with increasing h (Figure 7.4G). Using the fluorescence data, we
applied the Langmuir Isotherm approach15, 16, 19, 42-45 to determine the Kds between ConA and the
glycopolymer brushes (Table 7.1) for all 72 combinations of brushes and ConA solutions. We
observed decreasing Kd with increasing glycan density and increasing h. In our previous report,22
the lowest [ConA] observed binding to Man-5 monolayers was at a [ConA] of 48 nM with a Kd of
28 nM, while here, the lowest [ConA] observed binding to Man-5 glycopolymers was at a solution
concentration of 10−4 pM with a Kd of 0.3 fM, resulting in binding that is 10−7 M stronger than the
monolayers of Man-5.22, 23 These Kds ~10−7 M lower than galactosides grafted to linear polymers
by aminooxy conjugation16 and 10-8 M lower than the binding of ricinus communis agglutinin I to
galactosides bound to linear polymers via thiol-ene photochemistry.46
Table 7.1 Apparent Kd values

We attribute the ultrasensitive detection of FITC-ConA to two factors unique to the crosslinked GTGFRP brush architectures. The first is that fluorescence increases in taller polymers as
there are simply more proteins bound into the taller stacks, so signal increases with increasing
polymer brush h as a result of multivalency. The exponential growth kinetics result in polymer
brushes that are far taller than typical linear glyocpolymer brushes, so the increase in signal as a
result of increased h is substantial (Figure 7.10A). The second is that binding itself is stronger,
which arises for two reasons. ConA has four identical binding sites and it is well-known that
binding strength increases when this GBP can bind multivalently.47 As grafting density and
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branching increases in these dense and cross-linked pillars, it is likely that all four sites can become
occupied with mannosides, which would strongly anchor the GBPs to the polymer brushes as a
result of cooperativity between the binding sites (Figure 7.10B). This is consistent with the work
of Gildersleeve15 and our own22 that shows that at least two sites on the ConA should be occupied
by mannose to achieve binding to the microarray. The other reason why binding strength may
increase compared to other glycopolymer systems is that the dense, crosslinked brushes are highly
preorganized, as evidenced by the consistent hs before and after binding, which likely decreases
the entropic penalty of association, which has been shown to play an important role in GBP-glycan
recognition.48
7.3 Conclusions
In conclusion, we report a new microarray architecture for detecting GBP binding with
sub-fM avidity, the strongest binding between GBPs and microarrays yet reported. This
performance is the direct result of new chemistry, that combines free-radical polymerizations with
thiol-ene click reactions, whose advantages are controllable feature heights over a range of <10
nm – >20 µm, the easy incorporation of glycans, and tailorable glycan grafting density. The rapid
development of this new chemistry and the systematic investigation of brush height and grafting
density are all enabled by a new chemical printer that accelerates the discovery and optimization
timeline, which is demonstrated herein by the >400 different reaction conditions for growing the
polymer brushes whose growth and binding were analyzed. Quantitative binding studies explain
the cause of the unprecedented avidity to these polymer brushes. This is a direct result of the
architecture GTGFRP that eschews microscopic homogeneity for architectures that reproduce
glycan presentation in the glycocalyx more accurately. The new chemistry and the understanding
of the underlying binding process that we report could usher in a new era in glycobiology, where
glycan-binding proteins can now be detected at medically- and biologically-relevant
concentrations. In addition, this work is a milestone in a new era of brush polymer chemistry,
where, as a result of hypersurface photolithography, new brush polymer chemistries and
architectures can be rapidly developed and optimized to meet the needs of emerging applications.

161

Figure 7.10. Glycopolymer avidity.
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S1. Massively Multiplexed Tip-Based Photochemical Lithography under Continuous
Capillary Flow
S1.1. Organic synthesis and characterization
All reagents and starting materials were purchased from Aldrich or VWR and used without
further purification unless otherwise noted. Thin-layer chromatography was carried out using Al
sheets precoated with silica gel 60 (EMD 40 - 60 mm, 230 - 400 mesh with 254 nm dye). Silica
gel (BDH 60Å) was used for flash column chromatography. All solvents were dried prior to use
in an MBRAUN Solvent Purification System, and all reactions were carried out under Ar
atmosphere using standard Schlenk techniques. Deuterated solvents were purchased from
Cambridge Isotope Laboratories Inc. and used as received. NMR spectra were obtained on Bruker
AVANCE 300 and 700 MHz spectrometers. All coupling constants (J) are reported in s-1 (Hz).
High-resolution mass spectroscopy analysis was carried out on an Agilent 6550 QToF.
Fluorescence emission spectra were obtained on a Shimadzu Spectrofluorophotometer RF5301PC. UV-Vis absorption spectra were obtained on a Shimadzu Spectrophotometer UV-1800.
was previously reported,1 but herein was synthesized using a different method.but herein was
synthesized using a different method.
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Figure S1.1. Preparation of fluorescent dyes 1, 2, and 3.
Synthesis of 1. Lissamine rhodamine B sulfonyl chloride (0.20 g, 0.35 mmol) was added to
50 mL of vigorously stirring dry DMF under Ar atmosphere. The flask was placed in an ice bath,
and Et3N (0.20 mL) and 3-buten-1-amine (0.29 mL, 0.32 mmol) were added to the stirring solution.
The reaction was allowed to warm to RT and stirred 16 hours under Ar. The solvent was then
removed in vacuo to provide a dark red powder. The product was purified by column
chromatography (SiO2 CH2Cl2: MeOH 98:2). The solvent was removed in vacuo and the resulting
dark red powder was triturated with Et2O. The remaining solvent was removed in vacuo to provide
a red powder (85 mg, 0.14 mmol, 40%). 1H NMR (300 MHz, DMSO) δ: 8.5 (1H, s); 8.1 (1H, t,
J=5.8); 8.0 (1H, d, J=7.9); 7.6 (1H, d, J=7.8); 7.2 (2H, d, J=9.6); 7.1 (2H, d, J=9.5); 7.0 (2H, s);
5.9 (1H, m, J=13.6); 5.2 (1H, d, J=17.2); 5.1 (1H, d, J=10.6); 3.7 (8H, m, J=7.0); 3.0 (2H, q, J=6.6);
2.3 (2H, q, J=6.8); 1.3 (12H, t, J=6.4). 13C NMR (175 MHz, DMSO) δ: 157.9; 157.6; 155.5; 148.5;
142.0; 135.7; 133.5; 133.1; 131.1; 127.0; 117.4; 114.1; 114.0; 95.9; 45.7; 42.7; 40.5; 34.8; 34.0;
13.0. HRMS calculated for ([C31H37N3O6S2] +H)+ 612.2124, observed 612.2194.
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Figure S1.2. 1H NMR spectrum of 1.
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Figure S1.3. 13C NMR spectrum of 1.

Figure S1.4. High resolution mass spectrum of 1.
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Synthesis of 2. 10-undecen-1-ol (3 mL, 15 mmol), fluorescein (0.30 g, 0.90 mmol), and 5 drops
of H2SO4 were vigorously stirred in a 25 mL round bottom flask under Ar atmosphere while
cooling in an ice bath for 30 min. The flask was allowed to warm to RT and was then placed into
an oil bath and heated to 90 ℃ for 16 hours. The reaction mixture was placed in an ice bath, and
remaining H2SO4 was quenched with NaHCO3. The remaining slurry was washed with 10%
MeOH in CH2Cl2. The organic phase was collected and the solvent was removed in vacuo. The
crude orange crystalline powder was purified by column chromatography (SiO2 MeOH:CH2Cl2
98:2). The remaining solvents were removed in vacuo. The solid product was triturated with Et2O
to provide an orange powder and dried in vacuo (0.22 g, 0.44 mmol, 49%). 1H NMR (700 MHz,
DMSO) δ: 11.2 (1H, s); 8.3 (1H, d, J=7.4); 7.9 (1H, t, J=13.4); 7.8 (1H, t, J=14.1); 7.6 (1H, d,
J=6.9); 6.9 (2H, d, J=8.9); 6.7 (4H, s, broad); 5.9 (1H, m, J=13.8); 5.1 (2H, d, J=17.1); 5.0 (1H,
quin, J=1.7); 5.0-4.9 (1H, m); 4.0 (2H, s); 2.1 (2H, d, J=6.3); 1.45-0.95 (14H, m). 13C NMR (175
MHz, DMSO) δ: 165.8; 150.7; 139.3; 133.9; 133.4; 131.2; 131.1; 130.6; 130.4; 115.1; 65.6; 40.0;
33.7; 29.2; 29.2; 29.1; 29.0; 28.7; 28.2; 25.8. HRMS calculated for ([C31H32O5] +H)+ 485.2250,
observed 485.2319.
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Figure S1.5. 1H NMR spectrum of 2.
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Figure S1.6. 13C NMR spectrum of 2.

Figure S1.7. High resolution mass spectrum of 2.
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Synthesis of 3. Pyrene-carboxylic acid (1.1 g, 4.5 mmol), 10-undecen-1-ol (2.7 mL, 13 mmol),
and dimethylaminopyridine (1.6 g, 13 mmol) were added to 50 ml of CH2Cl2. After stirring for 30
min, N, N’-dicyclohexylcarbodiimide (1.0 g, 5.0 mmol) was added, and the reaction mixture was
stirred for 16 hours. The reaction mixture was filtered, and the solvent was removed in vacuo. The
crude white powder was purified by column chromatography (SiO2 Hexane:EtOAc 98:2).
Remaining solvents were removed in vacuo to provide a white powder (1.6 g, 4.0 mmol, 90%).
1

H NMR (700 MHz, DMSO) δ: 9.2 (1H, d, J=9.3); 8.7 (1H, d, J=8.1); 8.5 (2H, t, J=6.9); 8.5-8.4

(3H, m); 8.4 (1H, d, J=7.4); 8.3 (1H, t, J=7.6); 5.9-5.8 (1H, m, J=4.5); 5.1 (1H, d, J=17.2); 5.0
(1H, d, J=10.2); 4.6 (2H, t, J=6.5); 2.1 (2H, q, J=6.9); 1.9 (2H, quin, J=14.4); 1.6 (2H, quin,
J=14.4); 1.5 (2H, quin, J=6.9); 1.4-1.3 (8H, m).

13

C NMR (175 MHz, DMSO) δ: 167.7; 139.3;

134.2; 131.1; 130.5; 130.3; 130.2; 129.9; 128.5; 127.7; 127.3; 127.2; 126.8; 125.0; 124.7; 124.4;
124.1; 123.8; 115.1; 65.5; 33.6; 29.3; 29.2; 29.1; 28.9; 28.7; 28.6; 26.1. HRMS calculated for
([C28H30O2] +H)+ 399.2246, observed 399.2317.

Figure S1.8. 1H NMR spectrum of 3.
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Figure S1.9. 13C NMR spectrum of 3.

Figure S1.10. High resolution mass spectrum of 3.
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Figure S1.11. UV-Vis Data.
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S1.2. Thiol-terminated glass slide preparation
Glass slide preparation was performed according to previously published procedures.2 Glass
microscope slides were purchased from VWR. All other chemicals were purchased from Sigma
Aldrich and used as received. The glass slides were cleaned by sonicating in 1M HNO3, Milli-Q
H2O (18 MΩ), and EtOH, respectively, for 15 minutes each. After sonicating in EtOH, the slides
were dried under a stream of air. Once dried, the slides were placed in a 120 mL PhMe solution
containing 4.5 mL of (3-mercaptopropyl)trimethoxysilane, which was heated to 37 °C in a H2O
bath for 4 h. The glass slides were then rinsed with PhMe, a mixture of PhMe and EtOH, and then
EtOH. Finally, the glass slides were cured in an oven at 105 °C for 18 h and stored in MeOH at 4
°C until used (Figure S1.12).

Figure S1.12. Preparation of thiol-terminated glass slides.

S1.3. Tip array fabrication
Polymer pen lithography (PPL) arrays with 10000 pens and a tip-to-tip spacing of 80 µm were
prepared by modifying previously published literature reports.3 The 4-inch <100> silicon wafer
was spin-coated at 500 RPM for 10 s followed immediately by 3,000 RPM for 35 s with positive
photoresist AZ MIR 701 (Integrated Micro Materials). They were soft-baked at 90 °C for 90 s
immediately after coating. Each resist-coated wafer was then exposed to UV light in the maskaligner for 30 s at 200 mW cm-2. The wafers were hard-baked at 115 °C for 90 s immediately after
exposure. The patterns were developed using AZ 300 (Integrated Micro Materials) developer for
5 s, rinsed with NANOpure water, and dried under a stream of N2. The wafers were submerged in
buffered oxide etchant (6:1) for 6 min to etch away the exposed SiO2 layer, rinsed with NANOpure
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water, and dried under a stream of N2. Immediately following the SiO2 etching, the wafers were
placed into a previously prepared KOH (1.3 M) solution in DI H2O that was heated to 75 °C, and
isopropanol (50 mL) was added to promote uniformity. Silanization of the masters and the
fabrication of the PPL arrays followed the previously reported protocol.3 To fabricate the Beam
pen lithography (BPL) arrays2, the PPL arrays were coated with 250 nm of Au with an AJA Orion
8E Evaporator System. They were spin-coated with MEGAPOSIT SPR 220 7 at 3000 RPM for 60
s, and MEGAPOSIT SPR 220 3 (Microchem) at 2500 RPM for 60 s. Doing this creates a layer of
photoresist that covers all the pens in the array. The Au-coated PPL arrays were placed into a
Harrick Plasma Cleaner PDC-32G. It was found that varying the time in the plasma cleaner from
3 to 12 min on high (18 W) would etch away the top layer of photoresist to expose the Au-tips
with a range of <0.5 to 2 µm. Having the arrays in the plasma cleaner for 9 min allows for the best
control when performing Au-etching. The arrays were then submerged one at a time into a KI
solution to etch away the Au on the tips. Varying the time from 10-60 s submerged in the KI
solution gives a range of <1 to 5.5 µm feature sizes on an array. After etching, the photoresist was
rinsed off with Me2CO and dried under a stream of N2. All BPL arrays were analyzed with a FEI
Nova NanoSEM 450 (Figure S1.13).

Figure S1.13. SEM images of Au coated BPL arrays.

S1.4. Analysis of beam pen array aperture diameter
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The determination of the average BPL pen aperture diameter was performed using ImageJ4
software. 480 pyramids from the 10000 were selected from across the 10000-pen array as shown
in Figure S1.14. This sampling gives a confidence level of 95% and margin of error of 4.36%.
Aperture diameter were then measured and averaged.

Figure S1.14. Beam pen array tip size statistics. Microfluidic chaotic mixer
The microfluidic cell mold was designed in AutoCAD and Inventor (Autodesk, USA) (Figure
S1.15B) and then 3D stereolithographic printed with SL 5530 (Accura) polycarbonate-like
material by ProtoLabs (USA) (Figure S1.15C). The mold was filled with Sylgard 184 (Dow
Corning) 10:1 base/curing agent, and cured for 16 hours in the oven at 85 °C. After curing, the
resulting PDMS part was detached from the mold and positioned on a previously cleaned and
plasma activated 50 x 75 mm glass slide.
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Figure S1.15. Microfluidic device for multiplex printing.
The microfluidic mixer has three inlets that lead to one channel engraved with bas-relief chaotic
structures (Figure S1.15A Detail A) facilitating the mixing of the injected fluids.5 After curing of
the microfluidic mixer, the inlets and outlet were drilled with a 23 GTW needle (B-D, New Jersey,
USA) and the 1/32” and 1/16” PEEK tubing were inserted through the apertures. The inlets and
outlet were reinforced by placing pieces of Teflon tube (Figure S1.16), overfilling them with
Sylgard 184 mixture and curing for 16 hours at 85 °C.
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Figure S1.16. Microfluidic device mixing inks.

S1.6. Mixing capabilities
To determine the time necessary for homogeneous mixing, a pump was loaded with a syringe
containing a 0.2 mM DMF:DMSO 75:25 v/v solution of 1 and another pump loaded with a syringe
containing DMF:DMSO 75:25 v/v. The two solutions were connected to the mixer and injected at
30 and 270 µL/min (1:9), respectively. It was determined that the time it takes a solution to flow
at 300 µL/min from the inlet syringe to the microfluidic outlet is between 3 to 4 minutes (depending
on the tubing length). Next, we determined the time required to homogenize the mixture exiting
the reactive droplet by changing the flowrate of the solution exiting the pumps. After 5 min, the
withdrawal solution was collected at one-minute intervals in separate 3 mL syringes. The oneminute interval corresponds to the inlet pumps, but the outlet pump was left running for two extra
minutes for each sample collection after the injection syringes were paused, until we observed that
no more liquid was being suctioned from the reactive droplet. Each sample syringe, containing
about 300 µL of liquid, was diluted with 2.5 mL of DMF:DMSO 75:25 v/v and analyzed with UVVis spectroscopy. The time determined for complete homogeneous mixing was 5 minutes at 300
µL/min. Concentrations of 1 were determined from the Beer’s Law plot (Figure S1.17).
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Figure S1.17. Beer’s law plot of a solution of 1.

S1.7. Analysis of fluorescence microscopy images
Analysis of the NF on the 5 x 5 pattern of 2, I = 20%, at different times and irradiation intensities
(Figure S1.18), shows a behavior associated with the kinetics of adsorption. Langmuir pseudo
first order (Eq. S2, Figure S1.18B red line) was first postulated to describe the non-reversible
uptake of alkene to surface immobilized thiols. Five premises were considered: (1) sorption only
occurs on localized sites; (2) the energy of adsorption is not dependent on surface coverage; (3)
maximum adsorption corresponds to a saturated monolayer of alkenes (4) the concentration of
alkene is considered constant, and (5) the thiol-ene reaction is governed by a first order rate
equation.10
′

𝑁𝑁𝑁𝑁 = (𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 ) �1 − 𝑒𝑒 −𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 ∙𝑡𝑡 � + 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚

Eq. S1.1

R2 = 0.9931
NFmax = 1.41 ± 0.02
NFmin = 1.01 ± 0.02
k’ads = 0.17 ± 0.03 min-1
Pseudo second order rate equation, (Eq. S1.2), where all the assumptions are the same as the first
order fit, except that thiol-ene reaction is considered a second order reaction was then evaluated.11
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′
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎
∙ (𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 )2 ∙ 𝑡𝑡
𝑁𝑁𝑁𝑁 = �
� + 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚
′
1 + 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎
∙ (𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 ) ∙ 𝑡𝑡

Eq. S1.2

R2 = 0.9980
NFmax = 1.49 ± 0.02
NFmin = 0.98 ± 0.02
k’ads = 0.43 ± 0.08 min-1
Considering a maximum coverage of Qmax = 2.7·1014 molec / cm2,12 and Qmin = 0 molec / cm2,
and linear relationship of NF with Q.
Because different molecules are immobilized in this work, we assume an error of 30% on the
footprint of the dye compared to previous work.
k ≈ 1.1·10-17 ± 30% cm2·molec-1·s-1

Figure S1.18. A) Fluorescence micrograph (540-585 nm filter) of a 5 x 5 array of features of 2
that are immobilized on a thiol-terminated glass surface by the thiol-ene reaction. The printing
time for each feature increased from left to right (1, 2, 5, 10, 20 min), and irradiation intensity
increased from top to bottom (20, 40, 60, 80 and 100% of 1400 mW/cm2). Inset is a magnified
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image of the array produced by a single pen and blue line is the intensity profile corresponding to
the 20% intensity row. B) Averaged normalized fluorescence for I = 20%. Dashed line represents
fit to a pseudo second order kinetic model and red line to a pseudo 1st order.
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S2. Maskless Photochemical Printing of Multiplexed Glycan Microarrays for HighThroughput Binding Studies
S2.1. Organic synthesis and characterization
General methods. All reactions were carried out under N2 atmosphere in oven-dried glassware
using standard syringe and septa technique unless otherwise noted. Starting sugars, solvents, and
reagents were purchased from Fisher Scientific, USA. Flash column chromatography (FCC) was
performed on silica gel (60 Å, 70-230 mesh). All reactions were monitored by thin-layer
chromatography (TLC) on aluminum sheets precoated with silica gel 60 (EMD 40-60 mm, 230400 mesh with 254 nm dye). TLC plates were visualized by heating plates that were dipped in a
solution of ammonium molybdate (VI) tetrahydrate (25 g), cerium (IV) sulfate tetrahydrate (10 g),
and concentrated sulfuric acid (60 mL) in H2O (940 mL). NMR spectra were performed on Bruker
Avance 500 MHz and Bruker Avance III 600 MHz instruments. 1H chemical shifts are relative to
the deuterated solvent peak or the tetramethylsilane (TMS) peak at (δ 0.00) and are reported in
parts per million (ppm).
Synthesis of Pent-4-enyl-α-D-mannopyranoside (α-Man5)

Figure S2.1. Reagents and conditions.
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1,2,3,4,6-penta-O-acetyl-α/β-D-mannopyranoside (1α/β). A mixture of D-mannose (5.0 g, 28
mmol), DMAP (340 mg, 2.8 mmol), acetic anhydride (21 mL, 8.9 mmol), and EtOAc (60 mL)
was stirred at room temperature for 16 h. MeOH (5 mL) was then added and the reaction mixture
concentrated in vacuo. The residue was washed with saturated aqueous NaHCO3 (3 x 50 mL), 1M
HCl (3 x 50 mL) and H2O (3 x 50 mL). The organic layer was dried over anhydrous Na2SO4 and
then concentrated in vacuo to give crude 1α/β as a pale syrup (10.1 g, 93%).1-3 This material was
used in the next step without further purification. For major isomer: 1H NMR (600 MHz, CDCl3)
δ 6.06 (d, 1H, J = 1.8 Hz), 5.32 (m, 2H), 5.24 (t, 1H, J = 2.37 Hz), 4.25 (m, 1H), 4.09-4.01 (m,
2H), 2.20 (s, 3H), 2.17 (s, 3H), 2.12 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H). The NMR data matched
that reported for the title compound.4

Figure S2.2. 1H NMR (600 MHz, CDCl3) of 1α/β.

194

Pent-4-enyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (2). To a solution of 1α/β. (5 g, 13
mmol) in anhydrous CH2Cl2 (50 mL) was added penten-1-ol (2.6 mL, 26 mmol). The mixture was
cooled to ─20 °C and treated with BF3•Et2O (20 mL, 150 mmol). After 30 min, the reaction
mixture was allowed to warm to room temperature and then stirred for 16 h. The mixture was then
washed with saturated aqueous NaHCO3 (3 x 50 mL). The organic layer was dried over anhydrous
Na2SO4 and concentrated under reduced pressure.5,6 The residue was purified by FCC
(hexane/EtOAc, 10:3, v/v) to yield 2 (2.6 g, 49%) as a colorless syrup. Rf 0.55 (hexane/EtOAc,
1:1, v/v). 1H NMR (600 MHz, CDCl3) δ 5.81-5.71 (m, 1H), 5.33-5.18 (m, 3H), 5.03-4.94 (m, 2H),
4.76 (d, 1H, J = 1.7 Hz), 4.26-4.20 (m, 1H), 4.09-4.04 (m, 1H), 3.97-3.92 (m, 1H), 3.69-3.63 (m,
1H), 3.45-3.39 (m, 1H), 2.12 (s, 3H), 2.11-2.08 (m, 2H), 2.06 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H),
1.70-1.66 (m, 2H). The NMR data matched that reported for the title compound.6

Figure S2.3. 1H NMR (600 MHz, CDCl3) of 2.
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Pent-4-enyl-α-D-mannopyranoside (α-Man5). A mixture of 2 (2.6 g, 6.2 mmol) in MeOH (20
mL) and 1M NaOMe in methanol (6 mL) was stirred at room temperature for 1 h. The pH was
then adjusted to 6-7 by addition of 10% HCl in MeOH and the mixture was concentrated in vacuo.78

The residue was purified by FCC (EtOAc/MeOH, 9:1, v/v) to yield α-Man5 (0.82 g, 53%) as a

colorless syrup. Rf 0.60 (EtOAc/MeOH, 4:1, v/v). 1H NMR (600 MHz, CDCl3) δ 5.84-5.76 (m,
1H), 5.18 (dd, 2H, J = 12.2, 4.3 Hz), 5.07 (d, 1H, J = 5.9 Hz), 5.05-5.01 (m, 1H), 5.00-4.97 (m,
1H), 4.82 (bs, 1H), 4.63-4.56 (m, 1H), 4.02-3.91 (m, 3H), 3.89-3.83 (m, 1H), 3.78 (d, 1H, J = 11.5
Hz), 3.70-3.63 (m, 1H), 3.52 (d, 1H, J = 9.7 Hz), 3.45-3.39 (m, 1H), 2.85 (bs, 1H), 2.17-2.06 (m,
2H), 1.72-1.62 (m, 2H). The NMR data matched that previously reported for the title compound.9

Figure S2.4. 1H NMR (600 MHz, CDCl3) of α-Man5.
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Synthesis

of

pent-4-enyl-α-D-glucopyranoside

(α-Glc5)

and

pent-4-enyl-β-D-

glucopyranoside (β-Glc5)

Figure S2.5. Reagents and conditions.

1,2,3,4,6-penta-O-acetyl-α-D-glucopyranoside 3 was prepared from D-glucose following the
identical procedure used for 1.10 For 3: (90%, Rf 0.55; hexane/EtOAc, 1:1, v/v), used in next step
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without further purification. 1H NMR (500 MHz, CDCl3) δ 6.32 (d, 1H, J = 3.7 Hz), 5.46 (t, 1H, J
= 9.9 Hz), 5.16-5.06 (m, 2H), 4.23-4.29 (m, 1H), 4.13-4.05 (m, 2H), 2.17 (s, 3H), 2.08 (s, 3H),
2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H). The NMR data matched that previously reported for the
title compound.10

Figure S2.6. 1H NMR (600 MHz, CDCl3) of 3.

Pent-4-enyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (4a) and pent-4-enyl 2,3,4,6-tetra-Oacetyl-α-D-glucopyranoside (4b) were obtained as mixture when 3 was treated under the
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identical conditions used for the preparation of 2. Elution for flash column chromatography (FCC)
employed a stepwise solvent polarity gradient, correlated with TLC mobility.
For 4a: (39%, Rf 0.50; hexane/EtOAc, 7:3, v/v). 1H NMR (500 MHz, CDCl3) δ 5.80-5.71 (m, 1H),
5.20-5.15 (m, 1H), 5.10-5.04 (m, 1H), 5.01-4.92 (m, 3H), 4.46 (d, 1H, J = 8.0 Hz), 4.24 (dd, 1H,
J = 12.3, 4.7 Hz), 4.11 (dd, 1H, J = 12.3, 2.4 Hz), 3.89-3.83 (m, 1H), 3.69-3.64 (m, 1H), 3.50-3.44
(m, 1H), 2.08-2.05 (m, 5H), 2.02 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 1.72-1.58 (m, 2H). The NMR
data matched that previously reported for the title compound.11,12

Figure S2.7 1H NMR (600 MHz, CDCl3) of 4a.

For 4b: (13%, Rf 0.60; hexane/EtOAc, 7:3, v/v). 1H NMR (500 MHz, CDCl3) δ 5.83-5.73 (m, 1H),
5.47 (t, 1H, J = 9.7 Hz), 5.07-5.01 (m, 2H), 5.00-4.95 (m, 2H), 4.84 (dd, 1H, J = 10.2, 3.7 Hz),
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4.24 (dd, 1H, J = 12.4, 4.5 Hz), 4.06 (dd, 1H, J = 12.3, 2.3 Hz), 4.02-3.97 (m, 1H), 3.71-3.65 (m,
1H), 3.45-3.38 (m, 1H), 2.15-2.08 (m, 2H), 2.07 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H),
1.73-1.65 (m, 2H). The NMR data matched that previously reported for the title compound.11,12

Figure S2.8. 1H NMR (600 MHz, CDCl3) of 4b.
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Compound β-Glc5 was prepared from compound 4a following the identical procedure used for αMan5. For β-Glc5: (82%, 0.60 Rf , EtOAc/MeOH, 4:1, v/v). 1H NMR (600 MHz, CDCl3) δ 5.825.73 (m, 1H), 5.13 (s, 1H), 5.03-4.93 (m, 2H), 4.87 (s, 1H), 4.49 (s, 1H), 4.27 (d, 1H, J = 7.7 Hz),
3.89-3.79 (m, 3H), 3.76-3.62 (m, 2H), 3.61-3.42 (m, 2H), 3.38-3.23 (m, 2H), 2.13-2.05 (m, 2H),
2.13-2.05 (m, 2H), 1.74-1.65 (m, 2H). The NMR data matched that previously reported for the title
compound.13,14

Figure S2.9. 1H NMR (600 MHz, CDCl3) of β-Glc5.
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Compound α-Glc5 was prepared from compound 4b following the identical procedure used for αMan5. For α-Glc5: (79%, 0.65 Rf , EtOAc/MeOH, 9:1, v/v). 1H NMR (500 MHz, CDCl3) δ 5.825.73 (m, 1H), 5.04-4.98 (m, 1H), 4.98-4.94 (m, 1H), 4.85 (d, 1H, J = 3.8 Hz), 3.91-3.75 (m, 3H),
3.76-3.66 (m, 3H), 3.62-3.53 (m, 2H), 3.53-3.46 (m, 1H), 3.46-3.40 (m, 1H), 2.93 (d, 1H, J = 8.0
Hz), 2.69 (s, 1H), 2.17-2.04 (m, 2H), 1.74-1.67 (m, 2H). The NMR data matched that previously
reported for the title compound.13,14

Figure S2.10. 1H NMR (600 MHz, CDCl3) of α-Glc5.
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Synthesis

of

pent-4-enyl

α-D-galactopyranoside

(α-Gal5)

and

pent-4-enyl

β-D-

galactopyranoside (β-Gal5)

Figure S2.11. Reagents and conditions.

1,2,3,4,6-penta-O-acetyl-α-D-galactopyranoside 5 was prepared from D-galactose following the
identical procedure used for 1. For 5: (90%, Rf 0.55; hexane/EtOAc, 1:1, v/v), used in the next step
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without further purification.15,16 1H NMR (600 MHz, CDCl3) δ 6.34 (d, 1H, J = 1.8 Hz), 5.48-5.46
(m, 1H), 5.31-5.29 (m, 2H), 4.33-4.29 (m, 1H), 4.10-4.02 (m, 2H), 2.15-2.11 (m, 6H), 2.01 (s, 3H),
1.99 (s, 3H), 1.97 (s, 3H).

Figure S2.12. 1H NMR (600 MHz, CDCl3) of 5.

Pent-4-enyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside (6a) and pent-4-enyl 2,3,4,6-tetraO-acetyl-α-D-galactopyranoside (6b) were obtained as mixture when 5 was treated under the
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identical conditions used for the preparation of 2. Elution for flash column chromatography (FCC)
employed a stepwise solvent polarity gradient, correlated with TLC mobility.
For 6a: (34%, Rf 0.50; hexane/EtOAc, 7:3, v/v). 1H NMR (600 MHz, CDCl3) δ 5.78-5.71 (m, 1H),
5.35 (dd, 1H, J = 3.5, 1.00 Hz), 5.19-5.15 (m, 1H), 4.99-4.97 (m, 1H), 4.97-4.95 (m, 1H), 4.954.91 (m, 1H), 4.41 (d, 1H, J = 7.9, 1.00 Hz), 4.17-4.05 (m, 2H), 3.89-3.84 (m, 2H), 3.48-3.43 (m,
1H), 2.11 (s, 3H), 2.09-2.03 (m, 2H), 2.02 (s, 3H), 2.01 (s, 3H), 1.95 (s, 3H), 1.71-1.58 (m, 2H).
The NMR data matched that previously reported for the title compound.17

Figure S2.13. 1H NMR (600 MHz, CDCl3) of 6a.

For 6b: (23%, Rf 0.50; hexane/EtOAc, 7:3, v/v). 1H NMR (600 MHz, CDCl3) δ 5.83-5.74 (m, 1H),
5.43 (dd, 1H, J = 3.3, 1.2 Hz), 5.33 (dd, 1H, J = 10.1, 3.3 Hz), 5.11-5.06 (m, 2H), 5.03-4.95 (m,
2H), 4.23-4.18 (m, 1H), 4.12-4.03 (m, 2H), 3.71-3.65 (m, 1H), 3.44-3.39 (m, 1H), 2.13-2.09 (m,
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5H), 2.05 (s, 3H), 2.02 (s, 3H), 1.97 (s, 3H), 1.71-1.65 (m, 2H). The NMR data matched that
previously reported for the title compound.17

Figure S2.14. 1H NMR (600 MHz, CDCl3) of 6b.

Compound α-Gal5 was prepared from 6b following the identical procedure used for α-Man5. For
α-Gal5: (80%, 0.65 Rf , EtOAc/MeOH, 9:1, v/v).18,19 1H NMR (500 MHz, CDCl3) δ 5.84-5.74 (m,
1H), 5.04-4.98 (m, 1H), 4.88 (d, 1H, J = 10.2 Hz), 4.88 (d, 1H, J = 7.4 Hz), 4.01 (s, 1H), 3.97-3.82
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(m, 3H), 3.67-3.57 (m, 2H), 3.56-3.49 (m, 2H), 3.07 (bs, 1H), 2.96 (bs, 1H), 2.69 (bs, 1H), 2.34
(bs, 1H), 2.12 (q, 2H, J = 7.2 Hz), 1.78-1.67 (m, 2H). The NMR data matched that previously
reported for the title compound.18,19

Figure S2.15. 1H NMR (500 MHz, CDCl3) of α-Gal5.

Compound β-Gal5 was prepared from 6a following the identical procedure used for α-Man5. For
β-Gal5: (81%, 0.60 Rf , EtOAc/MeOH, 9:1, v/v).20 1H NMR (600 MHz, CDCl3) δ 5.82-5.73 (m,
1H), 5.03-4.93 (m, 2H), 4.88 (d, 1H, J = 3.7 Hz), 4.24 (s, 1H), 4.20 (s, 1H), 4.08-4.03 (m, 1H),
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3.87-3.73 (s, 4H), 3.72-3.63 (m, 1H), 3.50-3.39 (m, 2H), 3.27 (d, 1H, J = 3.7 Hz), 2.38 (bs, 1H),
2.41-2.03 (m, 2H), 1.73-1.65 (m, 2H). The NMR data matched that previously reported for the title
compound.20

Figure S2.16. 1H NMR (600 MHz, CDCl3) of β-Gal5.

Synthesis of allyl α-D-galactopyranoside (α-Gal3)
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Figure S2.17. Synthesis of α-Gal3.
A mixture of D-galactose (5.0 g, 28 mmol), allyl alcohol (100 mL), Dowex-50x8 (2 g) was heated
at reflux for 2 h. The resin was then filtered off, washed carefully with EtOH and the combined
filtrate and washings evaporated under reduced pressure to give a colorless oil (6.1 g).
Recrystallization of this material from methanol afforded allyl α-D-galactopyranoside α-Gal3 (1.3
g, 12%).21 For α-Gal3: 1H NMR (500 MHz, MeOD) δ 5.89-5.79 (m, 1H), 5.23-5.17 (m, 1H), 5.065.01 (m, 1H), 4.73 (d, 1H, J = 3.3 Hz), 4.12-4.06 (m, 1H), 3.93-3.88 (m, 1H), 3.76-3.74 (m, 1H),
3.70-3.65 (m, 1H), 3.64-3.59 (m, 2H), 3.59-3.52 (m, 2H). The NMR data matched that previously
reported for the title compound.22

Figure S2.18. 1H NMR (500 MHz, CDCl3) of α-Gal3.
S2.2. Thiol-terminated glass slide and thiol-terminated <100> Si wafer preparation
General methods. Glass slide preparation was performed according to previously published
procedures.23

Glass

microscope

slides

were

purchased

from

VWR

and

(3209

mercaptopropyl)trimethoxysilane was purchased from Gelest. All other chemicals were purchased
from Sigma Aldrich and used as received. The glass slides were cleaned by sonicating in 1M
HNO3, Milli-Q H2O (18 MΩ), and EtOH, respectively, for 15 minutes each. After sonicating in
EtOH, the slides were dried under a stream of air. Once dried, the slides were placed in a 120 mL
PhMe solution containing 4.5 mL of (3-mercaptopropyl)trimethoxysilane, which was heated to 37
°C in a H2O bath for 4 h. The glass slides were then rinsed with PhMe, a mixture of PhMe and
EtOH, and then EtOH. Finally, the glass slides were cured in an oven at 105 °C for 18 h and stored
in MeOH at 4 °C until used (Figure S2.19).The same procedure was followed to prepare the same
monolayer on <100> Si wafers with 500 nm oxide layer (NOVA Electronic Materials, USA), with
the exception of the cleaning process. To clean the wafers, they were submerged in piranha
solution (3:1 H2SO4:H2O2) for 15 min and then taken out and rinsed with MilliQ H2O.

Figure S2.19. Preparation of thiol-terminated substrates.

S2.3. Kinetic analysis of individual glycans.
Prints of all six alkene-labelled glycans with varying exposure time, as described in S4 of the
Supporting Information, were performed to determine their rates of immobilization. A DMF
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solution was made for each glycan at 200 mM with 100 mM of TPO. Two drops were placed onto
a thiol-terminated <100> Si substrate, and a cover slip was placed on top. Areas of the surface
were exposed to the 405 nm LED from 0.5 – 25 min and were washed with DMF and EtOH to rid
the surface of any physisorbed material. Passivation and incubation were conducted following the
previously described procedure. Prints of α-Gal5, β -Gal5, and α-Gal3 were incubated in a 1
µg/mL solution of Rhodamine-RCA120 in aqueous PBS (10 mM, MgCl2 0.9 mM, CaCl2 0.5 mM,
pH= 7.4, 0.01% Tween20) for 16 h in the dark at RT, while α-Man5, α-Glc5, and β –Glc5 were
incubated in a 10 µg/mL solution of FITC-Con A in aqueous PBS (10 mM, MgCl2 0.9 mM, CaCl2
0.5 mM, pH= 7.4, 0.01% Tween20) for 16 h in the dark at RT.

Table S2.1. NF calculations.
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S2.4. Multiplexed printing and analysis.
The printed patterns were created using Adobe Illustrator. The patterns consisted of vertical lines
with 32 features in each line. Each glycan was given a respective shape, α-Man5 is a square, αGal5 is a cross, β-Gal5 is a rectangle, α-Glc5 is a diamond, and β-Glc5 is a triangle. Five 0.5 mL
DMF solutions were made, each containing 200 mM of a glycan and 100 mM of TPO. Each
solution was charged into a syringe to load into the syringe pump. The thiol-functionalized <100>
Si substrate was aligned under the objective and the printing area was marked on the substrate with
a diamond pen for later use. Two coverslip pieces were used as supports to hold another coverslip
over the printing area creating a bridge for the solutions to flow under. Once this printing cell was
prepared, each glycan was washed over the surface with a flow rate of 50 µL/min for 5 min to fill
the fluid cell while the outlet syringe pump was withdrawing at 100 µL/min. After the 5 min, the
rate was reduced to 5 µL/min for the inlet and 10 µL/min for the outlet and the surface was exposed
to the first pattern for 20 min using the DMD’s 405 nm LED. After each glycan was printed, the
surface was washed with DMF at a rate of 100 µL/min as the outlet withdrew at 200 µL/min for 5
min. The procedure was then repeated for all five glycans. The surface was then washed with DMF
and EtOH, dried, and passivated with BSA as previously discussed. The incubation chip was then
washed in EtOH and MilliQ H2O, air dried, and plasma cleaned (Harrick Plasma Cleaner PDC32G) for 1 min on high (18 W). The chip was centered with the channels directly over the
previously marked printed area to ensure that the chip’s horizontal channels would intersect with
the printed vertical sugar patterns. A weight (1 kg) was placed on top of the incubation chip for 4
hours to adhere the chip to the patterned surface. Four FITC-Con A and four Rhodamine-RCA120
solutions were prepared with varying concentrations as followed: 0.5 mg/mL, 0.1 mg/mL, 0.01
mg/mL, and 0.001 mg/mL. When the chip was ready to be loaded, 10 µL of each solution was
injected to the 8 inner channels of the chip, and the chip was placed in a humid chamber to incubate
in the dark for 16 h. Figure S2.20A shows the results of this experiment. Six features were
analyzed from each binding event by fluorescence microscopy with two different channels (540585 nm filter and 575 nm barrier filter for Con A and RCA120 respectively).
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Figure S2.20. Fluorescence analysis of multiplexed pattern.
S2.5. Variable glycan density printing and analysis
A pattern was designed using Adobe Illustrator. The pattern contained 10 vertical lines with 32
square features in each line. A 3 mL DMF solution with 200 mM of α-Man5 and 100 mM of TPO,
and another 3 mL DMF solution with 200 mM of penten-1-ol and 100 mM of TPO were prepared.
Each solution was charged into a syringe and loaded into two separate syringe pumps. The thiolfunctionalized <100> Si substrate was aligned under the objective and the printing area was
marked on the substrate with a diamond pen for later use. Two coverslip pieces were used as
supports to hold another coverslip over the printing area creating a bridge for the solutions to flow
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under. Once this was prepared, the α-Man5 syringe pump, which uses PEEK tubing to introduce
the solution to the fluid cell, was flowed for 5 min at 50 µL/min to fill the fluid cell while the outlet
syringe pump was withdrawing at 100 µL/min. After the 5 min, the rate was reduced to 5 µL/min
for the inlet and 10 µL/min for the outlet and the surface was exposed to the first pattern for 20
min using the DMD’s 405 nm LED. After completing the first pattern, the pumps were stopped
and the rates were adjusted to 45 µL/min for α-Man5, 5 µL/min for 4-pentenol (9:1 ratio), and
100 µL/min for the withdrawing pump, which was run for 10 min to ensure that the previous
solution was washed out and only the 9:1 mixture remains. The rates were then decreased to 4.5
µL/min, 0.5 µL/min, and 10 µL/min respectively and the surface was exposed for 20 min for the
second vertical pattern. This procedure continued varying the glycan concentration next to 8:2,
7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, and 1:99. At the end of the print, the surface was then washed with
DMF and EtOH, dried, and passivated with BSA as previously described. The incubation chip was
washed in EtOH and MilliQ H2O, dried with an air gun, and plasma cleaned for 1 min. The chip
was centered with the channels directly over the previously marked printed area to ensure that the
chip’s horizontal channels would intersect with the printed vertical sugar patterns. A weight (1 kg)
was placed on top of the incubation chip for 4 hours to adhere the chip to the surface. Nine FITCCon A solutions were prepared in aqueous PBS (10 mM, MgCl2 0.9 mM, CaCl2 0.5 mM, pH= 7.4,
0.01% Tween20) varying concentrations as followed 1 mg/mL, 0.75 mg/mL, 0.5 mg/mL, 0.25
mg/mL, 0.1 mg/mL, 0.05 mg/mL, 0.01 mg/mL, 0.005 mg/mL, and 0.001 mg/mL. When the chip
was ready to be loaded, 10 µL of each solution was injected to the nine inner channels of the chip,
and was placed in a humid chamber to incubate in the dark for 16 h. Figure 5.11 shows the results
of this experiment. Analysis was done fluorescence microscopy with two different channels (540585 nm filter and 575 nm barrier filter for Con A and RCA120 respectively). This procedure was
used to replicate the experiment using α-Gal5 and Rhodamine-RCA120. Nine RhodamineRCA120 solutions in aqueous PBS (10 mM, MgCl2 0.9 mM, CaCl2 0.5 mM, pH= 7.4, 0.01%
Tween20) were prepared varying concentrations as followed 0.1m g/mL, 0.09 mg/mL, 0.08
mg/mL, 0.07 mg/mL, 0.06 mg/mL, 0.05 mg/mL, 0.025 mg/mL, 0.01 mg/mL, and 0.001 mg/mL.
NF of all features were calculated as previously described. To confirm that the penten-1-ol was
not binding to the lectins as well, a simple print of only penten-1-ol was performed (20 min, 8
mW/cm2). A DMF solution with 200 mM penten-1-ol and 100 mM of TPO was made for the print.
The printing followed the same procedure as in Figure 5.5 & 5.6, followed by passivation and
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then incubation in 10 µg/mL of FITC-Con A in aqueous PBS (10 mM, MgCl2 0.9 mM, CaCl2 0.5
mM, pH= 7.4, 0.01% Tween20) and 1 µg/mL of Rhodamine-RCA120 in aqueous PBS (10 mM,
MgCl2 0.9 mM, CaCl2 0.5 mM, pH= 7.4, 0.01% Tween20). Figure 5.12 shows the printed area on
the substrate without any lectin binding, which confirms that the penten-1-ol was incapable of
binding to the lectins.
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S3. Controlled-height Brush Polymer Patterns via Surface-Initiated Thiol-Methacrylate
Photopolymerizations
S3.1. AFM images of varying [Ir(ppy)3] experiments

Figure S3.1. AFM of thiol-acrylate polymer brushes.

S3.2. X-Ray Photoelectron Spectroscopy
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Figure S3.2. XPS of Thiol-acrylate polymers.
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S4. Glycopolymer Microarrays with Sub-Femtomolar Avidity for Glycan Binding Proteins
Prepared by Grafted-To Grafted-From Photopolymerizations
S4.1. Thiol-terminated thiol-terminated <100> Si wafer preparation.
General methods. Thiol-functionalized Si<100> substrates were prepared according to previously
published procedures.1 Briefly, Si<100> wafers with 500 nm oxide layer were purchased from
NOVA Electronic Materials, USA (STK8414-OX), (3-mercaptopropyl)trimethoxysilane was
purchased from Gelest (SIM6476.0-100GM), and all other chemicals used were purchased from
VWR. The wafers were diced into appropriately sized slides, and cleaned by submerging in
piranha solution (3:1 H2SO4:H2O2) for 15 min and then rinsed with MilliQ H2O. Once dried, the
wafers

were

placed

in

a

120

mL

PhMe

solution

containing

4.5

mL

of

(3-

mercaptopropyl)trimethoxysilane, and were heated in this solution to 37 °C in a H2O bath for 4 h.
The Si wafers were then rinsed with PhMe, a 50/50 (v/v) mixture of PhMe and EtOH, and then
EtOH. Finally, the Si substrates were cured in an oven at 105 °C for 18 h, and stored in MeOH at
4 °C until used (Figure S4.1). To analyze the surface monolayer, XPS measurements were
performed using a S2p XPS data was taken with a Physical Electronics VersaProbe II XPS using
an Al monochromatic X-ray source (1486.6 eV) at 37.6 W and Neutralizer gun operating at 2.0 V
and 20 μA. Beam diameter was set to 200 μm, time per data point to10 s at intervals of 0.125 eV,
and pass energy at 29.35 eV and 20 scans for S2p. (Figure S4.2).

Figure S4.1. Preparation of thiol-terminated substrates.

220

Figure S4.2. XPS data of thiol substrate.

S4.2. Thiol-methacrylate polymerization kinetics.
General Methods. The photochemical printer used in these experiments was described previously,2
and integrates microfluidics, a CPU controlled a digital micromirror device (DMD) with ~700,000
individually actuatable mirrors, and advanced surface photochemistry to pattern glycopolymers
microarrays with micrometer-scale feature diameters and independent control over the glycan
composition and density of each pixel. The LED, DMD, and piezostage are components of a
TERA-Fab E Series instrument (TERA Print, LLC, USA). The DMD is equipped with a 1024 x
768 array of mirrors that can be individually turned on and off by a CPU to spatiotemporally
control delivery of the LED light (405 nm, 1.16 mW/mm2) to the substrate to create patterns. Light
intensities were measured using a ThorLabs power meter (PM100D) with all DMD mirrors on and
dividing by the illumination area (4.4 x 3.3 mm). The reaction occurs in a custom-built fluid cell
with a glass coverslip to allow for passage of light to the reactive substrate below. Reaction
solutions are delivered via 1/32-inch polyether ether ketone (PEEK) tubing from syringe pumps
(New Era Pump Systems Inc., USA), which then spread over the substrate via capillary forces. At
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Figure S4.3. Nanoscope Analysis 1.8 software.
the other end of the fluid cell is a second PEEK tube connected to a syringe pump that withdraws
all the excess solution during the print. To conserve glycans, this can be collected and used in
future experiments. The substrate sits upon an x, y, z piezostage that has fine motor precision down
to 1 µm. Photochemical thiol-acrylate surface polymerizations were performed with
pentaerythritol tetrakis(3-mercaptopropionate) (PETT, Millipore Sigma, 381462-100ML),
ethylene

glycol

dimethacrylate

(EGDMA,

Alfa

Aesar,

44151-30),

diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO, TCI, D3358-25G), dimethyl sulfoxide (DMSO, Alfa
Aesar) and were used as received, with the exception of EGDMA was run through an alumina
column prior to use to separate the inhibitor, and solutions were introduced to the surface via
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microfluidic tubing for all experiments. Pent-4-enyl-α-D-mannopyranoside (Man-5) was
synthesized by a previously reported method.3 All solutions were prepared on a bench top. No
glove box or degassing techniques were utilized during the process. First, the polymerization
reactions were carried out in the absence of glycans. Then, the concentration for each reagent was
systematically varied to investigate the growth trends of the polymer brush. After patterning the
polymer brushes, each surface was washed with EtOH, sonicated for 5 min in DMSO, washed
again with EtOH, then dried under a stream of air.
All polymer brush patterns were analyzed via optical microscope (MT1000T Metallurgical
Microscope, 10x eyepiece, 4x and 10x objectives, Halogen lamp 6V20W) and atomic force
microscope (AFM). AFM feature heights were determined by analyzing three patterns on each
surface and averaging the height of each feature at each time point. Polymer brush features were
measured with AFM by scanning a 60 x 60 μm area under contact mode with a SCANASYSTAIR tip on a Bruker Multimode 8 AFM. AFM data were analyzed with Nanoscope Analysis 1.8
software (Build R2Sr1.130316, Bruker, USA) to determine the heights with the following
protocol:4 AFM height images were flattened using two-step procedure. In the first step, a 2nd order
polynomial surface fitting was applied to the raw AFM surface to get a theoretical surface. The
obtained theoretical surface is then subtracted from the raw AFM image to obtain the flattened
image. In the second step each feature was flattened individually based on a 2nd order polynomial
curve fitting using the least square method (data points in the foreground are excluded in
polynomial fitting). Using the “step function” in the software, we highlighted and measured the
heights of the features across each row as shown in Figure S4.3. Heights are reported as the
average of 3 features of the same exposure time, and all error bars are reported as one standard
deviation from the mean. Figure S4.4 demonstrates how the feature were highlighted prior to
flattening.
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Figure S4.4. AFM Analysis example.
Table S4.1. Kinetics varying [EGDMA] conditions.
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Figure S4.5. Kinetics varying [EGDMA] optical images.
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Figure S4.6. AFM of [EGDMA] = 520 mM.

Figure S4.7. AFM of [EGDMA] = 780 mM.

226

Figure S4.8. AFM of [EGDMA] = 1040 mM.

Figure S4.9. AFM of [EGDMA] = 1300 mM.
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Figure S4.10. AFM of [EGDMA] = 1560 mM.

Figure S4.11. AFM analysis Table S4.2. Kinetics varying [TPO] conditions.
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Figure S4.12. Kinetics varying [TPO] optical images.
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Figure S4.13. AFM of [TPO] = 0.1 mM.

Figure S4.14. AFM of [TPO] = 0.5 mM.
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Figure S4.15. AFM of [TPO] = 0.1 mM.

Figure S4.16. AFM of [TPO] = 1.0 mM.
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Figure S4.17. AFM of [TPO] = 2.5 mM.

Figure S4.18. SEM of polymer brushes.
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Figure S4.19. AFM analysis

Table S4.3. Kinetics varying hv.
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Figure S4.20. Kinetics varying hv optical images.

Figure S4.21. AFM of hv = 0.663 mW mm−2.
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Figure S4.22. AFM of hv = 0.969 mW mm−2.

Figure S4.23. AFM of hv = 1.16 mW mm−2.
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Figure S4.24. AFM of hv = 1.32 mW mm−2.

Figure S4.25. AFM of hv = 1.63 mW mm−2.
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Figure S4.26. AFM analysis

Table S4.4. Kinetics varying [PETT].
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Figure S4.27. Kinetics varying [PETT] optical images.

Figure S4.28. AFM of [PETT] = 10 mM.
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Figure S4.29. AFM of [PETT] = 50 mM.

Figure S4.30. AFM of [PETT] = 100 mM.
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Figure S4.31. AFM of [PETT] = 200 mM.

Figure S4.32. AFM of [PETT] = 250 mM.
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Figure S4.33. AFM analysis
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S4.3. Effect of varying [Man-5] on polymer brush growth rate
Fluorescence images were taken on an Olympus BX60 fluorescence microscope (12V 100W
halogen bulb) with 540‒585 nm barrier and 575 nm filters used to image emission from fluorescein
isothiocyanate-labelled concanavalin A (FITC-ConA, Vector Labs, USA, FL-1001-25) or
DyLight 594 labeled griffonia simplicifolia lectin I (GSL, Vector Labs, USA, DL-1207-.5) bound
to the polymer brushes. The excitation maximum for FITC-ConA is 495-500 nm and the emission
maximum is 514-521 nm. The excitation maximum for DyLight594-GSL is 592 nm and the
emission maximum is 617 nm. Microscopy images were analyzed with ImageJ image processing
software.5 The fluorescence in each image was measured in multiple locations to calculate NF and
Kd values. The measured area was kept consistent from image to image to properly observe
fluctuations in fluorescence. NF was determined according to Eq. 2.1. Fluorescence counts are
obtained analyzing images taken with the fluorescence microscope using a 20x objective. The
images are opened in ImageJ and the fluorescent area of the surface are highlighted and measured
with the same area for each measurement (Figure S4.34). After measuring each feature, 10 random
measurements of the background were taken and averaged to use as the denominator to Eq. 2.1.

Figure S4.34. Fluorescence analysis
S4.4. Glycopolymer binding control experiment.
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Several control experiments were carried out to test the binding specificity of the Man-5 containing
polymer brushes. Three different surfaces were patterned to carry out these control experiments.
One surface was patterned without Man-5 while varying exposure time from 1—16 min
([EGDMA] = 1300 mM, [TPO] = 1.0 mM, [PETT] = 100 mM, hv = 1.16 mW mm−2) and two
surfaces were identically patterned with Man-5 ([EGDMA] = 1300 mM, [TPO] = 1.0 mM, [PETT]
= 100 mM, [Man-5] = 500 µM, hv = 1.16 mW mm−2 , and exposure time from 0.5—8 min). After
patterning the polymer brushes, each surface was washed with EtOH, sonicated for 5 min in
DMSO, washed again with EtOH, then dried under a stream of air. Images were taken with an
Olympus BX60 fluorescence microscope with 575 nm and 540-585 nm barrier filters (Figure
S4.35A-C) to determine the fluorescence of the polymers prior to glycan binding protein (GBP)
incubation. The surfaces were then passivated in a 1% (w/v) solution of BSA (Tris buffer 20 mM,
MnCl2 0.9 mM, CaCl2 0.5 mM, pH = 7.4, 0.01% Tween20) for 30 min. The surfaces were then
washed with MilliQ water and dried under a stream of air. One surface patterned with Man-5 in
the polymer brushes and one surface without Man-5 were incubated in a solution of FITC-ConA
in vials at room temperature (50 µg mL−1 FITC-ConA, Tris buffer 20 mM, MnCl2 0.9 mM, CaCl2
0.5 mM, pH = 7.4, 0.01% Tween20),3, 6 a mannose specific GBP, and the other surface patterned
with Man-5 was incubated in solution of DyLight 594 labeled GSL in a vail at room temperature
(50 µg mL−1 GSL, Tris buffer 20 mM, MnCl2 0.9 mM, CaCl2 0.5 mM, pH = 7.4, 0.01% Tween20),
a galactose specific GBP that does not bind mannosides.7 The surfaces were incubated for 12 hours
in their assigned GBP solution, then washed three times for 10 min each in fresh solutions of
MilliQ water with 0.01% Tween20 and lightly dried under a stream of air. The fluorescence images
of the surfaces post-incubation are shown in Figure S4.35D-F.
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Figure S4.35. Glycopolymer binding control experiments.
The concentration of Man-5 was varied to observe how it would affect polymer brush growth rates.
The conditions of each reaction are found in Table S4.5. The surfaces were analyzed via optical
microscope (Figure S4.36) and AFM (Figure S4.37-S4.42). The surfaces were then passivated in
a 1% (w/v) solution of BSA (Tris buffer 20 mM, MnCl2 0.9 mM, CaCl2 0.5 mM, pH = 7.4, 0.01%
Tween20) for 30 min. The surfaces were then washed with MilliQ water and dried under a stream
of air. Five FITC-ConA solutions were made at 480 nM (Tris buffer 20 mM, MnCl2 0.9 mM, CaCl2
0.5 mM, pH = 7.4, 0.01% Tween20), and each surface was incubated in the ConA solution for 12
hours. Following incubation, the surfaces were washed three times for 10 min each in fresh
solutions of MilliQ water with 0.01% Tween20 and lightly dried under a stream of air. The
fluorescence images of the surfaces post-incubation are shown in Figure S4.43 A-E. The
fluorescence data that was gathered in this experiment can be seen in Table S4.6-S4.9. There was
no measurable binding (NB) for the surface with no Man-5 (Figure S43A).
Table S4.5. Kinetics varying [Man-5].
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Figure S4.36. Kinetics varying [Man-5] optical images.
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Figure S4.37. AFM of [Man-5] = 0 M.

Figure S4.38. AFM of [Man-5] = 50 µM.

246

Figure S4.39. AFM of [Man-5] = 100 µM.

Figure S4.40. AFM of [Man-5] = 250 µM.
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Figure S4.41. AFM of [Man-5] = 500 µM.

Figure S4.42. AFM analysis
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Figure S4.43. Varied glycan density.

Table S4.6. Fluorescence data obtained for the surface seen in Figure S4.43B.

Table S4.7. Fluorescence data obtained for the surface seen in Figure S4.43C.

249

Table S4.8. Fluorescence data obtained for the surface seen in Figure S4.43D.

Table S4.9. Fluorescence data obtained for the surface seen in Figure S4.43E.
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S4.5. X-ray photoelectron spectroscopy analysis of polymer brush surfaces
Three surfaces were pattered to examine the chemical composition of the polymer brushes by
XPS. One surface was patterned without PETT and Man-5 ([EGDMA] = 1300 mM, [TPO] = 1.0
mM, and hv = 1.16 mW mm−2), one with PETT and without Man-5 ([EGDMA] = 1300 mM,
[TPO] = 2.5 mM, [PETT] = 100 mM, and hv = 1.16 mW mm−2), and one with PETT and Man-5
([EGDMA] = 1300 mM, [TPO] = 1.0 mM, [PETT] = 100 mM, [Man-5] = 500 µM, and hv = 1.16
mW mm−2). After patterning the polymers, the surfaces were washed with EtOH, sonicated for 5
min in DMSO, washed again with EtOH, then dried under a stream of air. XPS data of C1s was
taken with a Physical Electronics VersaProbe II XPS using an Al monochromatic X-ray source
(1486.6 eV) at 37.6 W and Neutralizer gun operating at 2.0 V and 20 μA. Beam diameter was set
to 200 μm, time per data point to10 s at intervals of 0.125 eV, and pass energy at 29.35 eV and 20
scans of C1s.

Figure S4.44. XPS data of the binding energy of C1s on 4 different surfaces.
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S4.6. Micro Fourier-transform infrared spectroscopy analysis (Micro-FTIR).
Three surfaces were pattered to examine the chemical composition of the polymer brushes by
Micro-FTIR. One surface was patterned without PETT and Man-5 ([EGDMA] = 1300 mM, [TPO]
= 1.0 mM, and hv = 1.16 mW mm−2), one with PETT and without Man-5 ([EGDMA] = 1300 mM,
[TPO] = 2.5 mM, [PETT] = 100 mM, and hv = 1.16 mW mm−2), and one with PETT and Man-5
([EGDMA] = 1300 mM, [TPO] = 1.0 mM, [PETT] = 100 mM, [Man-5] = 500 µM, and hv = 1.16
mW mm−2). After patterning the polymers, the surfaces were washed with EtOH, sonicated for 5
min in DMSO, washed again with EtOH, then dried under a stream of air. Micro-FTIR was
performed using a Bruker LUMOS FTIR Microscope using the OPUS software. The
measurements were performed in reflector mode at a spatial resolution 50 µm x 50 µm using 200
scans per measurement point.

Figure S4.45. Micro-FTIR data
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Figure S4.46. Micro FT-IR data

Figure S4.47. Micro-FTIR data
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S4.7. Glycopolymer incubation mask experiment.
Surfaces were patterned with vertical lines at different heights to assess ConA binding at multiple
concentrations. One surface was patterned with a series of lines that were patterned at exposure
time varying from 2-12 min ([EGDMA] = 1560 mM, [TPO] = 2.5 mM, [PETT] = 100 mM, and
hv = 1.16 mW mm−2). Two surfaces were identically patterned while varying the exposure time
form 2 − 12 min ([EGDMA] = 1300 mM, [TPO] = 1.0 mM, [PETT] = 100 mM, [Man-5] = 500
µM, and hv = 1.16 mW mm−2). After patterning the polymers, the surfaces were washed with
EtOH, sonicated for 5 min in DMSO, washed again with EtOH, then dried under a stream of air.
The polymers were visually inspected via optical microscope and the heights of the polymers were
measured by profilometry (Bruker Contour GT-I) (Figure S4.48). The surfaces were then
passivated in a 1% (w/v) solution of BSA (Tris buffer 20 mM, MnCl2 0.9 mM, CaCl2 0.5 mM, pH
= 7.4, 0.01% Tween20) for 30 min. The surfaces were then washed with MilliQ water and dried
under a stream of air. Incubation masks were fabricated according to previously published
procedures,3, 6 and prepared for the binding experiment by washing with EtOH and water, drying
with a stream of air, then they were plasma cleaned (Harrick Plasma Cleaner PDC-32G) for 10
min on high (18 W). The center of the incubation masks were carefully placed over the patterned
areas, were pressed on tightly, and a 1 kg weight was placed on top for 1 hour to ensure sufficient
adhesion to the surface. Nine different solutions of each GBP, FITC-ConA and DyLight 594
labeled GSL, were made at different concentrations, ranging from 10 nM to 0.1 fM (Tris buffer 20
mM, MnCl2 0.9 mM, CaCl2 0.5 mM, pH = 7.4, 0.01% Tween20). Using one GBP per surface, the
channels of the incubation masks were charged with 10 µL of each GBP soluiton. The surfaces
were incubated for 12 hours at room temperature, then washed three times for 10 min each in fresh
solutions of MilliQ water with 0.01% Tween20 and lightly dried under a stream of air. The
fluorescence images of the surfaces post-incubation are shown in Figure S4.49.
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Figure S4.48. Profilometry of vertical line pattern.

256

Figure S4.49. Fluorescence microscopy images taken of the surfaces patterned with vertical
lines after GBP incubation.

Table S4.10. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 10 nM FITC-ConA.

Table S4.11. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 1 nM FITC-ConA.
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Table S4.12. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 0.1 nM FITC-ConA.

Table S4.13. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 10 pM FITC-ConA.

Table S4.14. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 1 pM FITC-ConA.
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Table S4.15. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 0.1 pM FITC-ConA.

Table S4.16. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 10 fM FITC-ConA.

Table S4.17. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 1 fM FITC-ConA.
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Table S4.18. Fluorescence data obtained for the surface seen in Figure S4.49B in the channel
with 0.1 fM FITC-ConA.

Table S4.19. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 10 nM DyLight 594-GSL.

Table S4.20. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 1 nM DyLight 594-GSL.
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Table S4.21. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 0.1 nM DyLight 594-GSL.

Table S4.22. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 10 pM DyLight 594-GSL.

Table S4.23. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 1 pM DyLight 594-GSL.
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Table S4.24. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 0.1 pM DyLight 594-GSL.

Table S4.25. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 10 fM DyLight 594-GSL.

Table S4.26. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 1 fM DyLight 594-GSL.
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Table S4.27. Fluorescence data obtained for the surface seen in Figure S4.49C in the channel
with 0.1 fM DyLight 594-GSL.

263

S4.8. Kd analysis of glycopolymer binding.
From the fluorescence data, we determined quantitatively the apparent Kds between ConA and the
glycopolymer brushes, using the Langmuir isotherm model8-14 to determine the apparent Kd of
binding events on the surface using the fluorescence data from each channel of the incubation
mask. Eq. 6.1 was used to determine Kd where [L] is the concentration of the GBP, F is the median
fluorescence counts of a particular feature, and Fmax is the maximum fluorescence observed when
ConA binds to a Man-5 containing polymer of a particular height. In this experiment, Fmax was
found to be 5.3E+06 in the channel with the highest [ConA] (5.3E+06 fluorescence counts). The
relationship between [ConA] and NF for feature heights of 22 μm ± 3.8 μm was plotted to analyze
the isotherm for ConA binding to the glycopolymer on the surface (Figure 3f). The data were fit
to a 4-parameter logistic (4PL) binding isotherm that was calculated by the following equation:15
Eq. S4.1

where NFmax is the maximum normalized fluorescence value, NFmin is the minimum normalized
fluorescence value, IC50 is the concentration of ConA that is half of the NFmax, x is the
concentration of ConA, y is the NF output dependent on ConA, and the Hill coefficient, which is
a constant that dictates whether binding is negatively or positively cooperativity. The values found
in Table S21 were used for this fitting which was performed with an online IC50 calculator.16”
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Table

S4.28.

Fluorescence

values

for

binding

interaction.

Table S4.29. Apparent Kd for binding interaction.

Table S4.30. Hill coefficient.
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